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Corrosion is a major issue in applications involving materials in normal and severe environments,
especially when it involves corrosive fluids, high temperatures, and radiation. Left unaddressed,
corrosion can lead to catastrophic failures, resulting in economic and environmental liabilities. In
nuclear applications, where metals and alloys, such as steel and zirconium, are extensively em-
ployed inside and outside of the nuclear reactor, corrosion accelerated by high temperatures, neu-
tron radiation, and corrosive atmospheres, corrosion becomes even more concerning. The objec-
tives of this research are to study and develop surface modification techniques to protect zirconium
cladding by the incorporation of a specific barrier coating, and to understand the issues related to the
compatibility of the coatings examined in this work. The final goal of this study is to recommend
a coating and process that can be scaled-up for the consideration of manufacturing and economic
limits.
This dissertation study builds on previous accident tolerant fuel cladding research, but is unique
in that advanced corrosion methods are tested and considerations for implementation by industry
are practiced and discussed. This work will introduce unique studies involving the materials and
methods for accident tolerant fuel cladding research by developing, demonstrating, and consid-
ering materials and processes for modifying the surface of zircaloy fuel cladding. This innova-
tive research suggests that improvements in the technique to modify the surface of zirconium fuel
cladding are likely.
x
Three elements selected for the investigation of their compatibility on zircaloy fuel cladding
are aluminum, silicon, and chromium. These materials are also currently being investigated at
other labs as alternate alloys and coatings for accident tolerant fuel cladding. This dissertation also
investigates the compatibility of these three elements as surface modifiers, by comparing their mi-
crostructural and mechanical properties. To test their application for use in corrosive atmospheres,
the corrosion behaviors are also compared in steam, water, and boric-acid environments. Various
methods of surface modification were attempted in this investigation, including dip coating, diffu-
sion bonding, casting, sputtering, and evaporation. The benefits and drawbacks of each method are
discussed with respect to manufacturing and economic limits. Characterization techniques utilized
in this work include optical microscopy, scanning electron microscopy, energy-dispersive spec-
troscopy, X-ray diffraction, nanoindentation, adhesion testing, and atomic force microscopy. The
composition, microstructure, hardness, modulus, and coating adhesion were studied to provide en-
compassing properties to determine suitable comparisons and to choose an ideal method to scale
to industrial applications. The experiments, results, and detailed discussions are presented in the
following chapters of this dissertation research.
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Chapter 1
Introduction
Zirconium alloys are extensively used in various industries, ranging from nuclear energy to oil
and gas refining [1]. These materials are particularly important as fuel cladding in the nuclear
industry, and are significently affected by steam corrosion at high temperatures [2]. An example
of zirconium’s use as a cladding material is pictured in Figure 1.1, where the fuel rods are bundled
together forming a fuel element.
Figure 1.1: Nuclear fuel bundle [3]
An illustration of a fuel rod is depicted in Figure 1.2, where the fuel is shown as the red compo-
nents in the middle, and the water coolant depicted as flowing on the outside of the fuel rod. Figure
1.2 also shows that the fuel rod is approximately 4 meters tall and 11 mm in diameter. Not seen in
this figure is the thickness of the cladding, which for pressurized water reactors is ∼570 µm [5].
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Figure 1.2: Fuel rod schematic [4]
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Under normal operating conditions, zirconium reacts with hydrogen in water to form zirconium
hydrides, which significantly alter the mechanical properties of the material, thus compromising
its effectiveness as fuel cladding [6]. Furthermore, under severe conditions, these alloys readily
oxidize in the presence of water or steam to produce free hydrogen gas that may combust in the
reactor containment. This reaction proves detrimental to the overall health of the systems that em-
ploy these materials. Hence, these critical issues have the potential to manifest as formidable and
complex problems, as evident in major nuclear events. Notably among these is the 2011 Fukushima
Daiichi nuclear disaster [7]. These issues are not just limited to nuclear reactors but extend to all
high-temperature systems where zirconium and zirconium-based alloys are employed, thus lim-
iting their potential reliability, safety, and economic value. Due to the underlying economic and
technical issues, replacing them is not currently a viable option [1]. These limitations call for new
and improved methods to effectively mitigate these problems. This is especially important when
zirconium alloys are exposed to severe conditions. The primary goals of this dissertation research
are to select both a viable method and an effective coating to modify the surface of zircaloy fuel
cladding that can be scaled effectively for industry applications.
With an ever increasing concern for carbon-free emission, nuclear energy is a viable solution to
meet the demand for global energy power sources that pose significantly few pollution concerns.
Figure 1.3 illustrates that the average greenhouse emissions of nuclear energy are very small in
comparison to the top three presently utilized energy sources, e.g., coal, oil, and natural gas. Fol-
lowing Figure 1.3, nuclear power is a viable source of energy that must be considered to meet future
worldwide energy needs and maintain a clean planet. Pollution concerns in countries which have
had recent air quality problems, like China and France, can also be mitigated with increased nuclear
power. Small Modular Reactors (SMR’s), which produce clean nuclear energy, have demonstrated
that they have the potential for being mass-produced even when they are located in regions where
there is a high demand for low-emission power generation. SMR’s can also provide power to re-
search laboratories located in remote areas where there is a dependence on a constant supply of
diesel fuel.
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Figure 1.3: Green house gas emission comparison [8]
Even with all the benefits that of nuclear power generation, a major drawback to this energy
source is the risk of a containment breach that can potentially leak radioactive material into the
atmosphere. A breach in containment may occur when hydrogen is produced and combusted in the
core after interactions with water and zirconium. Hydrogen generation took place of a significant
level during the high temperature events of Three Mile Island (TMI) and Fukushima [9]. These
events did not breach the containment areas, however there may be a future concern that larger
explosions occurring in aging containments may produce even more disastrous events than we
have witnessed. Efforts to increase the safety of the current generation of reactors include a variety
of new projects in the areas of accident tolerant fuel (ATF), accident tolerant fuel cladding (ATFC),
and promising designs of a completely new generation of safer and more effective reactors. Among
these choices, ATFC’s are considered, by this investigator, as the most promising application.
This research focused on increasing reactor-safety using ATFC technologies. It is divided into
4
Figure 1.4: Comparison of different ATFC research methods
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three main areas:
1. New cladding materials, such as iron-chromium-aluminum (FeCrAl) and silicon carbide
(SiC),
2. Coating current zircaloy cladding, and
3. A combination of coating and using new materials, like chromium (Cr) coating on SiC.
Figure 1.4 represents the benefits and drawbacks of each main area focusing on the three impor-
tant variables of added safety, development cost, and regulation time. Coating Nuclear Regulatory
Commission (NRC) approved zircaloy cladding is a very cost-efficient method and would require
less time for NRC approval for use in commercial reactors than the other two noted methods. How-
ever, the drawback of this method is that the safety of zircaloy cladding does not compare favorably
to the other available options. However, replacing current cladding with an entirely new material,
such as SiC or FeCrAl, has shown an increased potential for increasing the accident tolerance, par-
ticularly at high temperatures up to and beyond the design basis temperature (1200◦C). However,
this increase in the safety factor would also require a higher research cost and increased regula-
tion time. A combination of improved coating technologies and new cladding materials also has
the potential for the most significant level of safety improvements. However, it also comes at the
highest cost. It would also take the longest time to implement this technology than the alternative
methods.
Coating technology has been used for materials where corrosion is considered a major concern
for many years. Though zirconium alloys have been used in nuclear reactors since the 1950’s, little
scientific literature exists concerning the mass production potential of surface-modified zircaloy
for use in current generation nuclear reactors. The primary nuclear reactor considered in this study
is pressurized water reactor (PWR). Moreover, the results are also relevant for a boiling water
reactor (BWR) too. Another noteworthy result of this work is the improved performance of surface
modified zircaloy across a wide range of reactor conditions.
Chapter 2 establishes the theses objectives of this study along with the related research tasks.
Chapter 3 provides a review of the existing scientific literature and the foundation for the present
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work. Chapters 4–9 detail the techniques, results, and discussions for the research tasks estab-
lished in Chapter 2. Chapter 10 summarizes the results, and offers the investigator’s discussion
and conclusions of this dissertation study.
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Chapter 2
Objectives
2.1 Thesis objectives
The goals of the research performed for this dissertation are summarized by the following objec-
tives:
1. Determine the optimal coating material for increased corrosion protection of zirconium fuel
cladding.
2. Recommend an appropriate coating process.
3. Describe themost reliable coating process, detailing thematerial preparation, coatingmethod,
heat treatment, final material preparation, and certification.
2.2 Research tasks
The three thesis objectives are supported and explained by relevant research tasks listed below.
1. Coating Performance Modeling
(a) Implement a model of the reaction with water of the surface modified zircaloy to esti-
mate the amount of hydrogen produced over time.
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(b) Illustrate the amount of hydrogen generated for unique zircaloy modified with surfaces
of aluminum, silicon, and chromium with temperatures between 350-1200◦C.
2. Compatibility of Coatings
(a) Investigate the techniques of diffusion bonding, casting, dip coating, sputtering, and
evaporation to analyze coating techniques and diffusion behavior with zirconium alloys.
(b) Modify the surface of zirconium fuel cladding using the elements of aluminum, chromium,
and silicon.
3. Evaluation of Coating Techniques
(a) Perform extensive microstructual analysis of the completed coatings.
(b) Illustrate themicrostructures of the surfacemodified zircaloy utilizing variousmicroscopy
techniques.
4. Mechanical Properties of Coatings
(a) Determine various mechanical properties of the surface modified zircaloy.
5. Corrosion Testing
(a) Expose select samples to various corrosion conditions to simulate possible reactor con-
ditions.
(b) Illustrate changes in the microstructures after corrosion and determine whether the coat-
ing provided increased corrosion protection.
6. Scalability
(a) Discuss the recommended coating material and process for industry to scale for pro-
duction.
(b) Recommend additional advanced experiments to complete the required analysis for im-
plementation in nuclear reactors.
9
The first task is designed to quickly support the concept that modifying the surface of zircaloy can
greatly reduce risks during accident conditions in a nuclear reactor. Task 2 is aimed at performing
a wide variety of coating processes with select materials to show the variety of options of reducing
the amount of zirconium on the surface. Tasks 3 and 4 take a close look at the various methods and
materials from task 2, and allow for comparisons of their microstructures and mechanical proper-
ties. Task 5 takes select surface modification techniques and tests their resistance to corrosion in
unmodified zircaloy. The fifth task is designed to provide direct comparisons for any differences
in corrosion resistance. Task 6 discusses the tested materials and processes with respect to scal-
ing to industry limits for mass production and utilization in current generation nuclear reactors.
These 6 tasks correspond with the administration the data contained in Chapters 4 through 9 of this
dissertation.
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Chapter 3
Background
3.1 Materials
3.1.1 Zirconium
Zirconium is named after a Persian word, which, translated, means gold-colored, referring to the
golden color of the zircon (zirconium silicate). When purified, zirconium appears as a shiny silver
metal. The ore is not a rare Earth metal as once thought; it is more abundant than nickel, copper,
and lead. Locating zirconium is not as difficult purifying it. Before the invention of the photoflash
bulb, impure zirconium was used as a smokeless lightsource for photographers. In the early 50’s,
zirconium was suggested as a replacement to tantalum for medical devices, and experiments were
preformed to support these endeavors. In one study, lung portions of three dogs were removed and
zirconium was used as filler. A report, three years later, documented that the same canines were
healthy and active. Zirconium was also used as a gas-getter in vacuum tubes and has extended
their endurance. Zirconium alloys are also metal of choice for water-cooled nuclear reactors where
neutron conservation is vital [10–12].
The chemical symbol for zirconium is Zr with an atomic mass of 91.22 and an atomic number
of 40. The density at standard temperature and pressure (STP) is 6.5 g/cm3. The melting point is
1850◦C and it has an estimated boiling point between 3600–8600◦C. The structure of Zr at room
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temperature is a hexagonal closed packed (HCP), as seen by the published XRD scans in Figure 3.1.
Due to zirconium’s chemically reactivity, it is only found in alloy form. Alloys include baddeleyite
(ZrO2), zircon (ZrSiO4), Elpidite, and Eudialyte. Zircon is the ore used to extract zirconium [10–
12].
Figure 3.1: Published XRD analysis of Zr-4 indicating alpha structure HCP [13]
The ceramic industry has found several uses for zirconium, and it has been incorporated into
glass to enhance its corrosion resistance. At room temperature, zirconium is almost nonreactive
because of a thin oxide layer. At elevated temperatures, zirconium reacts with metal and non-
metals to form compounds. The common covalency of zirconium is 4, which is also its oxidation
number. Zirconium is non-toxic, unless it is in powder form and inhaled [10–12].
Zirconium was discovered in the late 18th century by the German chemist Martin Heinrich
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Klaproth, who is also known for the discovery of uranium and titanium. A Swedish chemist, Jöns
Jakob Berzelius, also extracted some zirconium from zircon in the 19th century. In 1925, two
Dutch scientists, at the University of Leyden, isolated pure zirconium using a physical method.
They vaporized impure zirconium and iodine, which resulted in depositions of small amounts of
pure zirconium [12].
The first sheet of zirconium was rolled in August, 1946 under the direction of W. J. Kroll, at
the United States Bureau of Mines (USBM) in Albany, New York. From 1940–1945, he worked
with the Union Carbide Research Labs in Niagara Falls, New York as a consultant. Dr. Kroll,
an expert in isolating non-ferrous metals, contacted USBM officials in 1944 about their titanium
research. He also wanted to continue his zirconium studies and claimed that he could isolate it by
chemical reduction in six months, if given sufficient government support. In 1945, he took over the
zirconium project in cooperation with the USBM in Albany. By August of 1946, he and his team
first successfully isolated zirconium. The now-known “Kroll Process,” to create zirconium, utilizes
carbide production, chlorination, ZrCl4 purification, reduction, and finally, vacuum distillation [12,
14, 15].
During the isolation of zirconium, hafnium, an element with similar properties is produced.
This element, while sharing many of zirconium’s properties, has a major pitfall—it is a neutron
absorber. However, Dr. Knoll suggested using the starting point of the thiocyanate process by
Fischer-Chalybaeus. For removing this neutron poison, the USBM officials quickly adopted this
method, so hafnium-free zirconium could be used in the nuclear industry [14, 15].
Zirconium alloys were also developed to help solve corrosion problems. By adding different
metals to zirconium, corrosion resistance was improved. Zircaloy-4 (Zr-4) has even better cor-
rosion resistance than Zircaloy-2 (Zr-2) because it has less hydrogen pick-up. Iron, nickel, and
titanium have similar strengths to zirconium. However, their macroscopic cross-sections for ther-
mal neutrons are ten to thirty times larger than zirconium. Elements with similar macroscopic
cross sections are aluminum, magnesium, and beryllium; however, their strengths are about ten
times weaker than zirconium [1, 16–18].
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During normal operation, zirconium slowly oxidizes, forming a thin oxide layer. This process
is characterized in Equations 3.1 and 3.2. Oxide layers protect the cladding from corrosion, which
is dependent on the properties of this coating [16].
Zr + O2 −−→ ZrO2 (3.1)
Zr + 2H2O −−→ ZrO2 + 2H2 (3.2)
The resulting thin oxide layer stabilizes the zirconium alpha layer during its normal operation.
However, this process does not significantly affect the cladding properties. However, during over-
heating, the oxidation layer’s growth accelerates, and this interaction also causes oxygen to pen-
etrate the zirconium alpha layer. After 800◦C, the beta phase begins to form. The oxygen is then
very rich in the now brittle alpha phase, and only a thin beta phase is present to support the load,
which then lowers the overall structural integrity of the cladding [16].
The transition from the alpha to the beta phase occurs around 800◦C and is a significant char-
acteristic of zirconium. At this phase, the coefficient of thermal expansion (COTE) increases four–
five fold, as seen in Figure 3.2. While nuclear reactors do not normally operate at this intensity,
high-temperature events do cross the alpha/beta transition temperature range. This crossing must
be considered when coating zircaloy, due to spalling concerns with mismatched thermal expansion
coefficients [19].
Different zirconium alloys have been developed for fuel cladding and their properties are listed
in Table 3.1. Each iteration of zirconium alloy development has shown incremental improve-
ments in corrosion resistance properties. These processes, along with better manufacturing tech-
niques, have reduced failures during normal operation. However, these zirconium alloy composi-
tion changes have not been able to significantly reduce concerns (oxidation, hydrogen generation,
and embrittlement) at high temperatures [16].
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Figure 3.2: Thermal coefficient of zirconium vs. temperature [19]
Table 3.1: Zirconium based cladding
Zircaloy-2 Tin added for increased corrosion resistance.
Zircaloy-4 Similar to Zr-2, but with less nickel for decrease hydrogen absorption.
M5 Added niobium and recommended for high burn-up fuels.
ZIRLO Removed tin and added niobium for better resistance at high temperature.
3.1.2 Aluminum
Aluminum is often combined with other elements and is the most abundant metallic element in the
Earth’s crust. As a nonferrous metal, it is also one of the most used substances with 47 million long
tons produced in 2008. Due to the large amounts of energy needed to extract aluminum from ores,
its commercialization has been highly observed in recent times [20, 21].
Throughout the 18th and 19th centuries, many scientist worked at isolating aluminum. Alu-
minum chloride was first isolated in 1825 by Hans Christian Oersted, and his work is considered
the major advancement in its isolation. Shortly after in 1827, Friedrich Wöhler also isolated alu-
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minum by reacting Oersted’s aluminum chloride with potassium in a porcelain crucible. The now
standard, electrolysis method for aluminum production, is called the Hall-Hèroult process; it was
discovered in 1886, and by 1888 factories were producing aluminum from their method [20].
The most common impurities in aluminum are iron and silicon. Some benefits of aluminum
include high strength to weight, excellent electrical and thermal conductivity, high reflectivity, and
superior corrosion resistance. The atomic mass of aluminum is 26.98 with an atomic number of 13.
The thermal neutron cross section of aluminum is 0.232 barns, and its coefficient of expansion is
23× 10−6/K. However, as seen in Figure 3.3, aluminum’s thermal expansion increases ∼50% up
to its melting point. The crystal structure of aluminum is face centered cubic (FCC) to its melting
point at 660◦C. The thermal expansion is isotropic because of the FCC structure [20].
Figure 3.3: Thermal coefficient of aluminum vs. temperature [22]
Aluminum oxidation is depicted in Equations 3.3 and 3.4, for atmospheres containing water
and oxygen. The oxidized aluminum is known as aluminum oxide Al2O3 and it is very stable in
most environments. The oxide layer takes up about 1.3 times more volume than aluminum and
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thus is under compressive stress. At room temperature, the oxide thickness is about 3.0 nm [20].
2Al + 3H2O −−→ Al2O3 + 3H2 (3.3)
4Al + 3O2 −−→ 2Al2O3 (3.4)
3.1.3 Silicon
Silicon has an atomic mass of 28.09 and an atomic number of 14. It has a diamond cubic structure,
is nonmetallic, and semiconducting. It has a metallically lustrous look and is next to carbon and
germanium on the periodic table, and it is a metalloid and electropositive. Like zirconium and
aluminum, silicon does not occur naturally in a pure form in the Earth. It is found in oxides and
silicates, and it is widely used in electronics, and because of this it is a very crucial element for
everyday use. Silicon has a thermal expansion coefficient of 2.6× 10−6/K and is most commonly
formed by carbothermal reduction of silicon dioxide, as seen in Equation 3.5 [23–25].
SiO2 + 2C −−→ Si + 2COΔH298 = 695kJ (3.5)
Compounds of silicon have been found in ancient glass from as long ago as 2000 BCE. In
the 18th century, researchers attempted to isolate silicon from silica. Berzelius isolated silicon
by reducing it from carbon and iron in 1810, and, in 1823, he isolated iron-free silicon. Silicon
is the second most abundant element in the earth’s crust (27.7%) after oxygen (46.6%). Silicon
oxidation is described in Equation 3.6 and Equation 3.7. The oxidized silicon is known as silica
(SiO2) [23–25].
Si + 2H2O −−→ SiO2 + 2H2 (3.6)
Si + O2 −−→ SiO2 (3.7)
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3.1.4 Chromium
In 1797, Vauquelin discovered chromium in the mineral crocoite, and in the following year he iso-
lated it by reducing it with carbon. Various methods for isolating chromium for commercial man-
ufacturing have been attempted since that discovery. These include: roasting chromite with soda
ash; reaction of chromium oxide; aluminothermic reduction or chromium oxide; aqueous electrol-
ysis; and refining chromium in high-temperature vacuums. Chromite is the mineral of choice for
isolating chromium by reduction and electrolysis [26, 27].
The atomic number of chromium is 24 with an atomic weight of 51.996. Chromium is the
twenty-first most abundant element in the Earth’s crust, and it is about as abundant as copper,
nickel, vanadium, and zinc. The bright color of chromium and corrosion resistance makes it a
candidate for plating materials. Chromium has a body-centered cubic (BCC) arrangement and a
linear coefficient of thermal expansion (20◦C) of 6.2 × 10−6/K. Chromium is added to steel at
18%, which makes it hard, strong, and corrosion resistant. Stainless steel materials are used in a
variety of applications, including structural buildings, surgical materials, cutlery, and jet engines
[27].
A common form of the reaction of chromium with oxygen is chromium(III) oxide. The for-
mation of this oxide is listed in Equations 3.8 and 3.9. While there are other oxidation states of
chromium (chromium trioxide and chromium(V) oxide), this report will focus on chromium(III)
oxide [26, 27].
2Cr + 3H2O −−→ Cr2O3 + 3H2 (3.8)
4Cr + 3O2 −−→ 2Cr2O3 (3.9)
18
3.1.5 Aluminum-zirconium
Research at Chalk River Nuclear Laboratories in Canada, by Kidson and Miller, bonded aluminum
to zirconium [28]. These scientists developed a model explaining how the transition zone width
of the new metal varies with temperature and time. Also, by using the mean square displacement
method, Kidson and Miller calculated the diffusion coefficient and activation energy of aluminum
and zirconium diffusion. Laik et al. noted that the phase ZrAl3 always formed when diffusion
bonding with aluminum and zirconium. However, Zr2Al3 formed at higher bonding temperatures
[29]. Laik explained why each phase formed and also calculated the activation energy and pre-
exponential factor for the ZrAl3 growth. Dickerson et al. noted the formation of both ZrAl3 and
ZrAl2, which differs from both the findings of Laik, and Kidson andMiller. However, all activation
energies and reported pre-exponential factors of these studies agreed. Even though Dickerson used
a different calculation method for the activation energy, the results only varied by a factor of two.
Table 3.2: ZrAl3 growth data,1 noted similar results between reactor Zr and Zr-2
AE (kJ/mol) k0 m/s1/2 Materials
Kidson and Miller [28] 192.28 3.70× 105 Reactor Grade Zr,1
Laik et al. [29] 188.2 2.9 ×104 99.9% Zr
Dickson et al. [30] 347 3.7× 103 99.9% Zr (up to 1.5% Hf)
Researchers at Atomic Energy of Canada prepared aluminum-zirconium alloys with the weight
percentage of aluminum ranging from 7.6% to 9.6%. They subjected these alloys to various corro-
sive atmospheres, including water, steam, air, and wet CO2, and they found that α-Zr was the least
corrosive resistant. In large-batch productions less than 100 grams, ingots with 8.5% aluminum
and heat treatment for 48 hours at 900◦C had the best corrosion resistance [31].
At higher temperatures, aluminum-zirconium alloys (<3% Al) had rapid oxidation in steam.
The first step observed in the oxidation process was the growth of a uniform oxide film (200Å). That
procedure was followed by Zr3Al particles becoming part of the oxide and completely oxidizing.
The rapid localized process was likely due to the oxidation of aluminum in the solution. The
aluminum increased the ionic conductivity, causing high rates of oxidation. It was also noted that
19
at lower temperatures, the aluminum zirconium alloys were not significantly affected [32].
The aluminum zirconium phase diagram, shown in Figure 3.4, illustrates the many phases of the
Al-Zr system. It also shows the melting points of phases frequently reported in the literature. For
example, ZrAl3 and Zr2Al3 melt at around 1500◦C. This threshold is less than that of zirconium,
which melts at 1855◦C [33]. An understanding of Figure 3.4 can aid in determining the compound
of phases observed under SEM, after matching the atomic percentage with each corresponding
phase.
Figure 3.4: Al-Zr phase diagram [33]
The thermal expansion coefficient of aluminum is about four times greater than that of zirco-
nium. This ratio is illustrated in Figure 3.5, up to the melting point of aluminum. This finding raises
concern when coating aluminum onto zirconium, because when heat treating the two materials, the
aluminum will expand at a much faster rate than zirconium and may debond it from the surface
before forming adhesion.
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Figure 3.5: COTE of aluminum and zirconium vs. temperature [34][19]
3.1.6 Chromium-zirconium
Hood and Schultz suggested that the deposition of chromium into reactor grade zirconium may
improve corrosion properties [35]. Due to the small size of chromium, these researchers believed
that chromium might improve the irradiation recovery of reactor grade zirconium. Previous work
has demonstrated that diffusion of chromium into α-Zr behaved normally [35].
The chromium zirconium phase diagram is presented in Figure 3.6 and illustrates some of stable
phases. This phase diagram will be used to determine any phases present from the EDS scans. The
melting points of stable phases are less than that of chromium and zirconium, but are higher than
the design limits of reactors [36].
Balart et al. calculated the volume diffusion of Chromium into α-Zr 99.99% [37]. The diffusion
coefficients were determined for the directions parallel and perpendicular to the c axis, 153 kJ/mol
and 163 kJ/mol respectively. The chromium was diffused using tracer deposition of 51Cr in a 0.5M
hydrochloric acid solution. The coated samples were then annealed, cleaned, and the penetration
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Figure 3.6: Cr-Zr phase diagram [36]
was measured [37].
Hood and Schultz repeated experiments from Balart, using zircaloy-2 and zirconium-2.5 nio-
bium, in addition to α-Zr [35], and they found slightly lower activation energies for α-Zr 134.1 kJ/-
mol and 156.3 kJ/mol in the parallel and perpendicular directions to the c axis. Their experiments
support that Cr preferred interstitial diffusion. Hood and Schultz also concluded that Cr diffusion
in Zr-2 and Zr-2.5Nb was lower compared to Zr. However, they suggested added measurements for
calculating the diffusion coefficient, because of its specimen texture, chemical composition, and
mixed phase nature [35].
Wenxin and Shihao studied the reaction diffusion of chromium into zircaloy-2 and noted that
the growth kinetics follow parabolic growth. The interdiffusion of Cr into Zr formed dilute solid
solution, with no phase dominating, as suggested by the Cr-Zr phase diagram [38].
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3.1.7 Silicon-zirconium
Liu et al. deposited zirconium onto silicon and observed the phase zirconium silicide (Zr2Si) by
XRD between the two materials. Their method was pulsed laser for deposition at the treatment
temperature of 450◦C. Liu found that the energy from the plasma and substrate temperature (450◦C)
was enough to form zirconium silicide [39].
The zirconium silicon phase diagram is shown in Figure 3.7, and illustrates multiple stable
phases across the atomic percentage range. Note that some phases have a higher melting point
compared to both zirconium and silicon. In addition to high melting points, it can be observed
that the phase transformation occurs at high temperatures [40]. The next section discusses several
methods for coating zirconium.
Figure 3.7: Si-Zr phase diagram [40]
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3.2 Coating methods
3.2.1 Diffusion bonding
Diffusion bonding is the process of joining two materials by heating them with their edges within
atomic distance. This procedure is conducted under a controlled atmosphere to avoid oxidation
during the heating. The bonding surfaces must also be smooth to ensure proper contact. Soft
materials such as aluminum can be polished to 40 microns. However, harder materials must be
polished to a threshold of at least 2.5 microns [41].
Surface oxidation is a concern formany joining techniques. However, it is not a primary concern
for diffusion bonding because of local plastic deformation at the joining surfaces, since the heat and
pressure provide enough energy to penetrate any oxidation layer present on the polished surface
[41].
There are three important variables in diffusion bonding: bonding temperature, bonding pres-
sure, and holding time. There are no exact values to use for these variables, and ranges are only
suggested. The bonding temperature is recommended to be between 50% to 70% of the melting
point. The bonding pressure, however, should be high enough to fill the voids between the bonding
surfaces and deform the surface defects. The hold time should be kept to a minimum to avoid brittle
intermetallics and voids [41].
3.2.2 Dip coating
Dip coating is the procedure utilized when a material is dipped and removed from a molten solution
[42]. The sample in Figure 3.8 depicts zirconium after being dip-coated into aluminum. This simple
method is unique in that there is little machining needed after coating. However, if materials have
significant differences in thermal expansion, the coating material might debond during cooling.
The process includes heating the coating material to its melting point and dipping the substrate into
the molten solution. Drawbacks of this method include blistering and oxidation. Blistering occurs
when bubbling occurs between the coating and the substrate. When oxygen is present in the atmo-
24
sphere, oxidation can occur. However, blistering and oxidation can be reduced when experiments
are performed in an inert atmosphere [42].
Figure 3.8: Zircaloy dip coated in aluminum; the darker material is zirconium alloy with an alu-
minum coating.
3.2.3 Casting
Casting is similar to dip-coating. In this scenario, the substrate would not be removed from the
molten solution. This method has advantages over dip coating, because if the twomaterials develop
significant differences in thermal expansion, the crucible will not allow them to debond due to the
pressure on the substrate. Coating under pressure also decreases the chance of debonding, and the
crucible and excess coating can then to machined off. Casting can be performed under an inert
atmosphere to reduce the oxidation potential. An example of casting is depicted in Figure 3.9,
where the outer crucible is steel and the inner rectangle is zirconium. The material formed around
the zirconium is cooled aluminum.
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Figure 3.9: Zirconium cast in aluminum with an outer steel crucible.
3.2.4 Physical sputtering
Physical sputtering is a coating method that vaporizes atoms from a target to a substrate. Vaporiza-
tion occurs through the momentum transfer of energy, which is accomplished by accelerating ions
from the inert atmosphere into the target. Target atoms or molecules are then released and sputtered
onto the substrate. This method is unique because alloys and non-conductive targets can easily be
stoichiometrically sputtered. Moreover, uniform film thicknesses are easily achieved with careful
pre-processing [43, 44].
The theory behind this physical sputtering includes accelerating positively charged inert gas
ions into a target, which forms an argon plasma, as seen in Figure 3.10. After being accelerated,
the target will sputter ions out onto the desired substrate. The target must then be cooled to avoid
melting and excess outgassing. If the target is non-conductive, a radio frequency field must be used
to accelerate the ions. The plasma pictured in Figure 3.10 is confined by a magnetic field, which
is why this method is referred to as magnetron sputtering. Pressure is also important in the process
of sputtering. A vacuum of around 10−2 Torr is needed to ensure that there are enough electrons
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(e−) to maintain the plasma [44].
Methods to decrease contamination and film purity are similar to those listed for evaporation,
and can be seen in the following section. In addition to those methods, high-purity inert gas must
be used. High-purity targets are needed to ensure pure coatings. Presputtering the target before use
also removes contamination [44].
3.2.5 Vacuum deposition
Vacuum deposition is accomplished by heating a target under a vacuum (> 10−4 Torr) until evap-
oration occurs and coats the desired substrate. A vacuum chamber is needed so the source material
will coat the substrate without colliding or reacting with other particles. Two types of vacuum de-
position are common and readily available: resistive and electron beam heating. Electron-beam
heating focuses an electron beam onto the evaporant and heats it until it vaporizes or sublimes
[43]. For resistive evaporation, a custom-designed crucible is often used (seen in Figure 3.11) and
is heated by passing current across it, thus heating the material inside. The pictured crucible is
composed of tungsten and electrical currents passed through the crucible and will heat the material
inside. The heat generated is calculated as I2R, where I is the current and R is the resistance of
the boat [44].
For evaporation to occur, a material must be brought to its vapor pressure. The material starts
as a condensed solid or liquid and energy must be then added to the system to break the bonds of
the neighboring molecules. This process can be seen in Figure 3.12, where the condensed material
is in the well, and must have energy added to bring it to the vapor phase. As shown by Smith, the
vapor pressure can be calculated by Equation 3.10, where pv is the vapor pressure, −∆vH is the
latent heat (enthalpy change) of vaporization per mole, R is the gas constant, T is the temperature,
and B is an integration constant [44]. At pv, the material will be in the vapor phase and begin
evaporating.
ln pv =
(−∆vH
R
)(
1
T
)
+B (3.10)
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Figure 3.10: Argon plasma
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Figure 3.11: Thermal evaporation crucible
Electron-beam heating utilizes electrons generated from a filament that are accelerated to the
target material. The energy generated is generally around 10 kW and typically powerful enough
to evaporate most materials. It is important to have the filament out of the line of sight to avoid
contamination of the electron source. The electron beam can be arched in by using a magnetic
field. The force exerted on the electron can be calculated using the Lorentz force. As seen in
Equation 3.11, F is the combined force on the electron, FE and FB are the forces from the electric
and magnetic fields, qe is the charge of an electron, E and B are the electric and magnetic fields
respectively, and v is the velocity of the electron. This equation is important for directing the
electron beam into the evaporant and not into the crucible [44].
F = FE + FB = qeE+ qev× B (3.11)
Methods to decrease contamination are discussed in the next section. The source structure and
evaporant are the two primary concerns when considering contamination. Degassing all materials
involved will also reduce outgassing and provide better environments for vacuums. The source
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Figure 3.12: Potential well diagram
structure, or crucible, should be baked at a high temperature to remove volatile contaminants. The
type of crucible used is also important; it should be nonporous and constructed of a material that
will not become wet from the evaporant. To remove volitional contaminants from the evaporant,
soaking should be performed. The soak involves heating the evaporant just below its deposition
temperature and removing trapped gasses and impurities with a higher vapor pressure. Impurities
with a lower vapor pressure will not evaporate but will remain in the crucible [44].
Maintaining a constant temperature of the crucible is important for consistent coatings. The
temperature is maintained by keeping the heating source on a feedback loop with a proportional-
integrator-derivative (PID) controller. This controller provides three control modes and the pro-
portional then functions as an on/off switch. The integrator adjusts the power to the difference in
the temperature relative to the desired temperature and the derivative prevents overshooting the
desired temperature [44].
The maximum evaporation rate is related to the Stefan-Boltzmann blackbody radiation law.
Both are derived from the second law of thermodynamics, where the maximum evaporation flux
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JV is proportional to the temperature to the fourth power. A is the area emitting the flux. The
evaporation rateQ is equal to JVA. With this rate, the flux Jo, can be calculated, in Equation 3.12,
at a distance ro from the source [44]. It is also important to consider several methods of coating
analysis.
Jo =
Q
pir2o
(3.12)
3.3 Coating analyses methods
Literature surveys on various methods of analyses were conducted to determine the optimal proce-
dures to compare surface modification techniques. Scientific understanding of the physics behind
various techniques can build an important foundation for the various tasks in this work. Therefore,
a brief background on characterization techniques are presented in the following section.
A scanning electron microscope (SEM) is a tool easily and frequently used to image three-
dimension structures. The scanning electron microscope is superior to the optical type because of
its nanometer resolution and larger depth of view. Electrons have a shorter wavelength compared to
light and can also be easily controlled by using a magnetic field. A high vacuum must be used with
the electron beam to avoid interactions with matter in the chamber. Some disadvantages of the SEM
are that the material must be conductive or coated with a conductive layer. If the specimen being
imaged has magnetic particles, the particles can damage the SEM because of the strong magnetic
field [45, 46].
As the SEM scans the surface, electrons are ejected from the atoms. These ejected electrons are
replaced by electrons from the outer shells on the atom and produce radiation. The energy of radi-
ation can then be quantified to provide the chemical composition of the material. This composition
analysis is named EDS, or energy dispersive X-ray spectroscopy. EDS is an excellent method to
determine the chemical composition, because it is non-destructive and can detect minute amounts
of materials to 10−29 g. A disadvantage of this method is that the X-rays produced are not directly
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related to the composition. Calibration using a well known sample must be done to ensure reliable
results from unknown samples [45, 46].
Another method to characterize materials is to use X-ray diffraction (XRD). This method uti-
lizes X-rays to determine the arrangement of atoms, ions, or molecules. X-rays are used because of
their short wavelength and high energy, allowing them to interact with the atoms, ions, or molecules
inside a solid. The diffraction patterns are produced by the X-rays interacting with the solid accord-
ing to Bragg’s law in Equation 3.13. According to Bragg’s law, peaks will form when the incident
X-ray wavelength λ is equal to twice the lattice spacing d, times the sine of the incident X-ray angle
θ [47, 48].
2d sin θ = nλ (3.13)
Nanoindentation will be utilized to compare the hardness and the reduced modulus of the coat-
ings. The hardness and modulus can be calculated by configuring the load, penetration depth, and
indenter geometry. A three sided pyramidal, or Berkovich indenter, will be used; it is preferred
over the Vickers indenter because the Berkovich indenter can also be easily formed to a point [49].
The hardness H can be calculated with Equations 3.14 and 3.15, where P is the applied load,
A is the calculated area, and hp is the penetration depth. The reduced elastic modulus E∗ can be
calculated from the slope of the unloading curve dP
dh
, penetration depth 2hp, and the tip correction
factor β = 1.034. This result can be seen in Equation 3.16 [49]. The next section describes
corrosion testing, which is an important research area for materials in corrosive environments.
H =
P
A
(3.14)
A = 24.5h2p (3.15)
E∗ =
dP
dh
1
2hp
1
β
√
pi
24.5
(3.16)
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3.4 Corrosion testing
Spalling is a concern during corrosion especially at higher temperatures. As the oxide layer in-
creases in thickness, stress in the layer increases. When the oxide layer can no longer hold the
stress, it cracks. As the stress is released, spalling may occur. In cases where there are similar
thermal coefficients, spalling is less of a concern [50].
One method to predict if oxide layers will spall is to determine the Pilling Bedworth Ratio
(PBR). PBR is defined as the ratio of molar volumes between the oxide layer and base material.
This method is displayed in Equation 3.17, where n is the number of metal atoms per molecule of
oxide. According to this table, aluminum oxide has the lowest probability of spalling, while silicon
and chromium oxide have a greater chance of spalling. The PBR ratios for the elements studied
in this work are shown in 3.3. The density of the oxides can vary—especially for silicon. For the
following PBR of silicon, a density of 2.3 was used, which is similar to the density of α-tridymite
and α-cristobalite [50].
PBR =
Vm,oxide
Vm,base
=
Moxide
ρoxide
nMbase
ρbase
(3.17)
Table 3.3: Pilling-Bedworth ratios
Oxide Pilling-Bedworth ratio
ZrO2 1.55
Al2O3 1.28
SiO2 2.13
Cr2O3 2.01
Significant work has been conducted on the corrosion behavior of zircaloy in oxidizing condi-
tions [51–56]. Much of this referenced work was completed in the 1970’s, and additional research
citing these articles continues to the published. The remainder of this section will highlight the
significant 1970’s research on the oxidation of zirconium alloys in normal and severe conditions.
Urquhart et al. exposed heat-treated zircaloy to high-temperature, high-pressure steam (500◦C,
1500 psi), in addition to pure oxygen environments. They concluded that, when there is a metal
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negative potential applied across zircaloy, it experienced accelerated corrosion. When the samples
were heat treated to avoid these potential differences, the rapid corrosionwas reduced. These results
were noted for both zircaloy-2 and zircaloy-4. However, when the atmosphere was pure oxygen,
similar effects were not observed [51].
Moalem andOlander found that the rate of oxidation in zircaloy was inversely proportional with
the thickness of the oxide layer. When exposed to temperatures around 1100◦C, oxide layers 230
µm thick were observed and appeared to have high adhesion to the substrate. At high temperatures
(1500◦C), the oxygen kinetics were found to be nonparabolic [56].
Pawel et al., from Oak Ridge National Lab, studied the oxidation of zircaloy-4 at 900 and
1100◦C in high pressure steam environments; steam was provided at 1500 psi for 45 min and
10 min at 900 and 1100◦C respectively. They observed that with increased pressure, the rate of
oxidation increased at lower temperatures, and that parabolic growth kinetics were observed with
small deviations due to the increased pressure [55].
Bostrom, from Westinghouse, exposed zircaloy to water at temperatures near its melting point,
and found that the results were similar to those from extrapolation data from experiments at lower
temperatures. He also noted that the reactions were not explosive, even at temperatures above the
melting point. Experiments were repeated with uranium and boron, elements commonly found
around zircaloy in reactors, and found that these added elements did not alter the results [52].
Urbanic and Heidrick, from Atomic Energy of Canada Limited, studied the reaction kinetics of
zircaloy in the temperature range of 1050–1850◦C. They found that both zircaloy-2 and zircaloy-4
oxidized at similar rates with parabolic kinetics and are not hindered by gas phase diffusion. They
also provided a new correlation on the oxygen kinetics, which was lower than the correlation rate
of the Baker and Just correlation [53].
Ballinger et al. found that the oxidation rate of zircaloy in an unlimited steam environment
was lower than that of Baker and Just. Ballinger also confirmed that the oxidation rate followed
parabolic kinetics. Their rate was also found to be independent of steam superheat temperature,
with a small dependence on flow rate. One method found to reduce the oxidation rate was by steam
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starvation or by trapping hydrogen in the zircaloy [54].
More recent reports on zirconium alloys compiled the numerous papers related to corrosion
and accident conditions of fuel cladding [57, 58]. These reports provide in depth discussions and
comparisons on research related to nuclear fuel cladding. Many references throughout this research
are based on the work reviewed in these reports.
Surface modifications on zircaloy cladding have also been tested; however, not as frequently
as corrosion testing on unmodified zircaloy. Researchers at South Korea altered the surface of
zircaloy-4 using niobium laser surface alloying. Their technique produced a niobium-zirconium
layer 170–300 µm thick, with mixed phases of alpha and beta zirconium. During steam corrosion
testing at 400◦C, the corrosion resistance was reduced due to the beta zirconium and zirconium
hydrides present near the surface. Surface scans indicated cracks along the surface, suggesting a
thermal expansion mismatch. These cracks allowed the oxygen to penetrate, thus decreasing the
corrosion resistance [59].
Kuprin et al. developed porous-free coatings consisting of chromium, nitrogen, and zirconium
and were plasma-sprayed onto zirconium alloys. They also had the mechanical and corrosion prop-
erties tested. The coatings were approximately 7 µm thick and were shown to protect the zirconium
in 660 and 1100◦C air for 1 hour. At the highest temperature of 1100◦C, an oxide thickness of 5µm
was formed on the treated samples compared to the untreated samples of 120 µm [60].
Kim et al. tested the oxidation and adhesion of chromium coated zircaloy and found that 90 µm
coatings of chromium provided good protection of zircaloy at 1200◦C for 2000 sec. During ring
compression and tensile testing, the chromium coating had good adhesion to the substrate, with
few cracks, and oxidation of the chromium coated zircaloy was approximately 25 times less than
that of unmodified zircaloy [61].
Terani et al., from Oak Ridge National Laboratory, encapsulated zircaloy with FeCrAl and 310
steel. The capsule was 2 mm thick and was exposed to steam at 0.34 MPa and 1200 and 1300◦C.
The FeCrAl based coating protected the zircaloy at 1300◦C for 8 hours; however, iron diffused
into the zircaloy and formed numerous intermetallic layers. The chromium and aluminum based
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capsules provided better protection to the zircaloy compared to 310 steel [2].
3.5 Hydrogen generation
Hydrogen generation in nuclear reactors needs to be considered for both normal and abnormal op-
erations for the avoidance of accident scenarios. Sandia National Laboratories prepared a manual,
addressing this issue, discussing the production, transport and mixing, detection and combustion,
and mitigation of hydrogen [9]. During the accident at Three Mile Island, when the core was un-
covered, hydrogen was released into the vessel and combusted. This explosion did not breach the
containment, but concern remains that this may not always be the case. Hydrogen generation within
the containment often occurred after corrosion of zirconium, steel, zinc, and aluminum (by water
and steam) interactions with the core and concrete, and the splitting of water. However, the major-
ity of scientific and public-safety concerns are focused on steam and zirconium reactions during
accident scenarios [9].
The exothermic reaction (see Equation 3.2 used previously) describes the oxidation of zirco-
nium and also represents the hydrogen generation. Equation 3.2 shows that for every mole of
zirconium oxidized, two moles of hydrogen (H2) are produced. Based on this reaction, one can
hypothesize the total amount of hydrogen generated, assuming that all the zirconium is reacted.
Rough estimates are that 1000 kg and 2000 kg of hydrogen can be produced from a PWR and
BWR respectively [9]. The amount of hydrogen generated can also be estimated by calculating the
amount (WZr) of zirconium reacted during oxidation (Equation 3.18). In Equation 3.18, K(T ) is
the activation energy dependent on temperature T and t is the reaction time. Assumptions include
that steam will be available to react and that the amount of zirconium reacted is dependent on both
time and temperature.
WZr =
√
K(T )t (3.18)
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3.6 Conclusions and rationale for new research
The background presented in Chapter 3 provides the foundation for the present research. The ma-
terials studied, coating methods investigated, and corrosion testing processes explored provide a
thorough basis for the experiments and post-processing of this investigation. The previous studies
on improving the accident tolerance of fuel cladding provides several important reference points for
the further development of new materials, coating methods, and post-processing techniques. Exist-
ing reports on corrosion testing fuel cladding materials have also provided some useful templates
for future projects. Studies on new fuel cladding materials have also offered increased industry
awareness into the development of quick surface modification techniques for current generation
nuclear fuel cladding. However, within the area of accident tolerant fuel cladding, much research
remains to be investigated on zircaloy surface modification for potential uses in the current gener-
ation of nuclear fuel cladding.
Particularly significant, is that there are no guidelines for the implementation of coated zircaloy
into the current generation of nuclear reactors, which considers scalability and its related character-
istics. Consequently, an objective of the present work is to select a material that can operate across a
variation of conditions and be implemented into commercial reactors. The process shown in Figure
3.13 depicts the objective of the plan. This research is significant because no complete studies exist
that have compared the amount of hydrogen produced during normal and accident conditions with
various surface modifications. The present study also complements current academic research on
corrosion properties of coated zircaloy. Finally, discussions on scalability are also being detailed
in this study for industry consideration. Scaling of coated zircaloy is potentially very useful in the
current generation of reactors. Figure 3.14 shows the process for developing and selecting a coat-
ing material, after considering appropriate methods, treatment, properties, and certification. These
objectives focus on the process of modifying zircaloy with NRC regulation in mind. The present
work also focuses on selecting appropriate material properties, which are suitable to NRC regula-
tion, and economics. This study targets to escalate the knowledge-base in all of the above areas,
with the intent of selecting a material and process that can quickly and effectively be scaled for
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mass production and use in the current generation of nuclear power plants.
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Figure 3.13: Optimal coating material objective
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Figure 3.14: Coating process objective
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Chapter 4
Coating performance modeling
4.1 Introduction
During normal reactor conditions, hydrogen production is not a concern. However, at elevated
temperatures, like those experienced during TMI and Fukushima, rapid oxidation of zircaloy fuel
cladding raises concerns about hydrogen buildup in the reactor containment. During a Loss of
Coolant Accident (LOCA), if operators fail to act quickly, hydrogen can combust in the containment
and cause a breach, which may release toxic and deadly radioactive material into the atmosphere.
Previous literature on hydrogen generation only discusses the pitfalls of current zircaloy cladding
[57]. However, there is no literature on the potential hydrogen generation reduction associated with
coating current zircaloy with a less potent element, which also reduces hydrogen generation during
high-temperature events. Recent work by this author and Gokul Vasudevamurthy, et al. discusses
the hydrogen generation of zircaloy modified by aluminum [62].
This chapter will build on the previous work, estimating the hydrogen generated by zircaloy
in a range of reactor temperatures. Moreover, the present research also builds on the previous
literature by incorporating surface modified zircaloy with expected surfaces after coating with alu-
minum, chromium, and silicon independently. First, a model is presented for each surface studied
and then the results are visualized and tabulated to show any potential improvement over unmod-
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ified zircaloy across a range of temperatures. Table 4.1 details the current literature on hydrogen
generation and displays how this work will build on previous research, and Section 4.2 discusses
the system model utilized in the present study.
Table 4.1: Hydrogen generation studies literature review
Author(s) (Year) Surface studied
Nuclear Energy Agency [57] (2009) Zirconium
This work [62] (2016) Al3Zr
This work Chromium
This work SiZr3
4.2 System model
This section describes the formulation of a model to estimate the quantity of hydrogen produced
during high-temperature oxidation events. Based on a model from [57], and from the observed
outer surfaces from surface modification, a model is developed for each coating material. Outer
surfaces are then noted for aluminum, chromium, and silicon are Al3Zr, Cr, SiZr3 respectively.
In the current literature [57], the quantity of hydrogen produced by zirconium-water interaction
is estimated by Equation 4.1, using the parabolic rate constant found in Equation 4.7. A description
of the variables used later in this chapter and presented in Table 4.2. The present work builds on
the concept of estimating the quantity of hydrogen based on the parabolic rate constants of oxi-
dation, by introducing equations that estimate the mass of hydrogen generated for each respective
surface modified condition. Equations 4.2 and 4.1 are combined stoichiometry to form Equation
4.5. Likewise, Equations 4.4 and 4.1 are combined to form Equation 4.6. Note that chromium did
not form an alloy with zirconium after processing, and that no modified form of the base equations
was required. The pre-exponential factors listed in Equations 4.7 [9, 57, 63], 4.8 [64], 4.9 [65, 66],
and 4.10 [67] and their respective values were found from the literature related to those studies.
Equation 4.1 assumes that for every one mole of zirconium reacted with water, two moles ofH2
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will be released. Similar formulations are performed for aluminum, chromium, and silicon based
on their common oxide. Each formulation also assumes pure elements with no defects such as
cracks and pores.
WH2_Zr =
2MH2
MZr
[Kp_Zrt]
1
2 (4.1)
WH2_Al =
3MH2
2MAl
[Kp_Alt]
1
2 (4.2)
WH2_Cr =
3MH2
2MCr
[Kp_Crt]
1
2 (4.3)
WH2_Si =
2MH2
MSi
[Kp_Sit]
1
2 (4.4)
WH2_Al3Zr = 0.75WH2_Al + 0.25WH2_Zr (4.5)
WH2_Zr3Si = 0.75WH2_Zr + 0.25WH2_Si (4.6)
Kp_Zr = .333e
−140.6
RT (4.7)
Kp_Al = 6.33× 10−5e−138.0RT (4.8)
Kp_Cr = 4.274× 10−6e−161.0RT (4.9)
Kp_Si = 7.39× 10−9e−124.5RT (4.10)
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Table 4.2: Model variable description and units
Variable Description Units
WH2_Zr Weight of H2 produced from Zr
mass
surface area×time0.5
WH2_Al Weight of H2 produced from Al
mass
surface area×time0.5
WH2_Cr Weight of H2 produced from Cr
mass
surface area×time0.5
WH2_Si Weight of H2 produced from Si
mass
surface area×time0.5
WH2_Al3Zr Weight of H2 produced from Al3Zr
mass
surface area×time0.5
WH2_Zr3Si Weight of H2 produced from Zr3Si
mass
surface area×time0.5
MH2 Molecular mass of H2
mass
mole
MZr Molecular mass of Zr massmole
MAl Molecular mass of Al massmole
MCr Molecular mass of Cr massmole
MSi Molecular mass of Si massmole
MSi Molecular mass of Si massmole
Kp_Zr Parabolic rate constant Zr mass
2
length4×time
Kp_Al Parabolic rate constant Al mass
2
length4×time
Kp_Cr Parabolic rate constant Cr mass
2
length4×time
Kp_Si Parabolic rate constant Si mass
2
length4×time
t Oxidation duration time
T Oxidation temperature temperature
R Gas constant energy
temperature×mole
4.3 Results and discussion
A comparison of the different parabolic rate constants found in the literature for zirconium were
evaluated against each other to determine if major discrepancies in the amount of hydrogen gener-
ated exist. Parabolic rate constants from Sherman [9], Baker and Just [63], and ANS [57] are com-
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pared on Figure 4.1. These results are all in relative agreement, with the ANS standard being more
conservative under 1300 K, and Baker and Just being more conservative above 1300 K. Following
the procedure from [57], the remainder of this work will use the ANS standard pre-exponential
factor noted in Equation 4.7.
A comparison of hydrogen generated from all surfaces is illustrated in Figure 4.2. These results
show that the amount of hydrogen produced during oxidation events decreases as the quantity of
zirconium lessens on the surface. This model is conservative in predictions, with the possibility of
defects that allow oxygen to penetrate deep into the underlying zirconium. Table 4.3 estimates the
amount of time it will take to produce 100 kg ofH2 at 1300 K in a reactor similar to the size to the
one at TMI, with a 49 million square centimeters clad surface area. This calculation assumes that
the surface is defect free and sufficient quantities of the outer elements are available to react. Even
with Zr3Si, the time to produce 100 kg of hydrogen is reduced. This additional time provides an
added safety margin for reactor operators to respond during high temperature events. The extra
time is significant because it can be used to assess potential solutions or faulty sensors.
Table 4.3: Hydrogen generation comparison
Exposed Surface Time to Generate 100 kg H2 (minutes) Time to Generate 100 kg H2
Zr 19 0.32 hrs
Al3Zr 242 4.0 hrs
Zr3Si 33 0.55 hrs
Cr 32,000 22 days
4.4 Conclusions
Reducing the amount of zirconium on the surface of cladding presents a viable solution to con-
cerns about potential hydrogen explosions during LOCA, such as those experienced at TMI and
Fukushima. Surface modifications with less potent elements on claddings surface present a viable
solution to hydrogen generation concerns for current generation reactors in the United States and
worldwide. To quickly address this problem, nuclear engineers abroad and overseas need new sci-
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Figure 4.1: Hydrogen generation comparison Zr
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Figure 4.2: Hydrogen generation comparison all
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Figure 4.3: Hydrogen generation comparison Cr
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entific knowledge for potential solutions which utilize current technology and adhere to federal
regulations. This chapter illustrated and tabulated the benefits of coating zirconium fuel cladding
with aluminum, silicon, and chromium independently. The results demonstrated that each surface
modification technique has the potential to increase the reactor operator response time during high
temperature oxidation events. A surface of Zr3Si effectively increased the response time 73%.
Moreover, this result offered the least improvement over other techniques—because of the high
zirconium concentration remaining on the surface. With the Al3Zr surface, the amount of hydro-
gen produced was reduced about 1000%. Cr surface modification had the greatest reduction in
hydrogen production. With the complete removal of zirconium from the surface, and chromium’s
oxidation kinetics, the amount of hydrogen produced was virtually insignificant compared to other
methods. These results may be useful to industry officials aid in the selection of an element to
increase the accident tolerance of zirconium fuel cladding. Industry planners can also build on this
work with additional calculations that may include more accurate simulations, taking into account
potential material defects, and the quantity of base materials available for reacting.
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Chapter 5
Compatibility of coatings
5.1 Introduction
The coating of zircaloy with aluminum, silicon, and chromium was throughly examined in the
literature review of the previous chapters. This chapter builds on those studies by focusing on
coating techniques with scalability in mind.
Unique work is presented in the following sections on quick coating methods of aluminum.
Because aluminum has a low melting point∼660◦C, it is an ideal material for quick coating meth-
ods. This low melting point has advantages in the coating process, including crucible selection and
energy requirements. Dip coating, casting, diffusion bonding, sputtering, and evaporation are all
explored in this section.
In addition to various aluminum coating methods, chromium and silicon coatings were at-
tempted. Chromium evaporation and sputtering were also attempted, and their compatibility with
zircaloy is discussed. In addition to evaporation and sputtering of silicon, diffusion bonding was
also attempted in the ensuing compatibility studies.
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Figure 5.1: Lapmaster mechanical polishing system
5.2 Material and methods
The zircaloy used throughout this research was reactor grade with a composition consisting of
1.52% Sn, 0.16% Cr, 0.23% Fe, 0.19% Ni, and remaining Zr. Diffusion bonding of aluminum and
silicon was completed using high-purity source materials from various well known suppliers. All
zircaloy, aluminum, and silicon used in the diffusion bonding experiments were polished to a 0.25
µm finish, using diamond slurry with the polisher depicted in Figure 5.1. Cutting the samples was
achieved with a low speed saw pictured in Figure 5.2.
The sputter and evaporation coating materials were also high purity materials procured from
theMicroelectronics Center at VCU. The evaporation machine used is pictured in Figure 5.3. It has
the capability to evaporate materials under a vacuum around 10−7 Torr. The sputtering machine
is illustrated in Figure 5.4 and is programable using several variables including, heat treatment
temperature, power level, vacuum level, flow rate, time duration, in addition to others. Thermal
resistive evaporation coatings were attempted with the custom chamber photo shown in Figure 5.5.
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Figure 5.2: Low speed diamond saw
This chamber was built for high-power quick coatings of various materials.
Heat treatment of the samples used either a model UP150 automatic temperature fused quartz
tube furnace (Figure 5.6) or a high temperature high vacuum induction furnace. The tube furnace
utilized an atmosphere of ultra-high-purity argon, and was able to heat treat to temperatures up to
1000◦C. The high-temperature high-vacuum furnace is capable of temperatures up to 1800◦C and
a vacuum atmosphere of 10−7 Torr.
The diffusion experiments were performed using a simple sandwich diffusion capsule, as pic-
tured in Figure 5.8. This was custom-designed and machined for this work to hold square 4.5×4.5
mm samples. The screws have locking washers on their ends to ensure sufficient pressure is applied
during the heat treatment. Dip coating and casting experiments utilized a common air furnace and
vacuum induction furnace.
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Figure 5.3: Vacuum evaporation system
Figure 5.4: Orion 5 sputter system
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Figure 5.5: Custom thermal resistive evaporation system
Figure 5.6: UP150 inert atmosphere tube furnace
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Figure 5.7: Custom high-temperature high-vacuum furnace
Figure 5.8: Diffusion capsule
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5.3 Results and discussion
The composition of the zircaloy received from ATI Wah Chang was verified utilizing XRD. Figure
5.9 shows the spectroscopy analysis of zircaloy, noting its hexagonal close packed (HCP) structure.
Each peak represents a plane associated with zircaloy, and is labeled according to the built-in XRD
software.
Figure 5.9: XRD Analysis of as received zircaloy indicating alpha structure HCP
Diffusion bonding aluminum to zircaloy proved successful, as shown in Figure 5.10. It is clearly
notable that aluminum and zircaloy bonded by the strong adhesion observed between the two ma-
terials during sectioning. This result is promising for advanced characterization described in the
following chapters. Silicon diffusion bonding was also attempted; however, upon removal from
the diffusion capsule, the silicon fell off the zircaloy with no noticeable diffusion occurring. Both
of these macro-observations are pending microstructual analyses, as will be conducted in the fol-
lowing chapter.
Dip coating and casting are two scalable coating techniques attempted for coating aluminum
onto zircaloy. Because of the low melting point of aluminum relative to zircaloy, these methods are
promising for mass production, if appropriate properties are retained. Zircaloy was dip coated and
cast into aluminum under normal and vacuum atmospheres. Figures 5.11 and 5.12 represent coated
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Figure 5.10: Zirconium-aluminum diffusion bonding
zircaloy after atmospheric and vacuum coating experiments. When coating under atmosphere, it
was relatively easy to swirl the zircaloy in the molten aluminum to achieve full coating. While coat-
ing under a vacuum, the zircaloy was unable to remain completely wet by the aluminum, because
the holder in the vacuum chamber only operated in 1-dimension, and swirling was not possible.
Magnetron sputtering, however, proved very successful in coating the surface of zircaloy. Fig-
ure 5.13 shows aluminum sputtered onto the surface of zircaloy, and following heat treatment it
appears to be very adherent. Figure 5.14 shows chromium sputtered onto zircaloy and, like alu-
minum, it appears very adherent after heat treatment. Silicon was also easily sputtered onto the
surface of zircaloy; however, upon removal from the coating machine, it appears that the surface
stress caused the silicon to flake off, unless carefully handled. Silicon was eventually coated suc-
cessfully to zircaloy by varying the coating variables and ensuring careful handling. For example,
a successful sputter coating of silicon onto zircaloy is seen in Figure 5.15.
Electron beam evaporation and thermal resistive evaporation will be discussed together here
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Figure 5.11: Zirconium dip coated into aluminum under atmosphere
because of the similarities in their coating process. The major difference between the two methods
is how the coating material was evaporated. Chromium evaporation was very easy to perform;
however, many variables affected the quality and thickness of the coating, and consistent duplica-
tion was difficult. For chromium, good coatings needed to be kept under a high vacuum (better than
10−5) and high-purity chromium source (>99.999%). Because of these required variables, limited
coatings were performed utilizing evaporation. For example, a coating of chromium evaporated
onto zircaloy, as seen in Figure 5.16. However, the chromium purity here was only 99.95%, and
this caused the coating to be very flaky and non adherent. As seen in Figure 5.17, high-purity
chromium produced less flakey coating.
Aluminum evaporation proved very easy initially because of the low evaporation temperature
and the ease of procuring high purity aluminum. However, it proved troublesome later because of
its tendency to wet the crucible. Moreover, once melted, aluminum would quickly wet the entire
surface of the crucible and render it useless during the middle of the experiment. Some crucibles,
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Figure 5.12: Zircaloy dip coated in aluminum
such as boron nitride, did not become wet from aluminum. However, greater power is required
to evaporate aluminum, and this way leads to limited experiments due to the high cost and low
repeatability of the coating experiments with boron nitride crucibles.
Silicon evaporation was successful after a few iterations, and like the chromium and aluminum
experiments, repeatability was a major concern. Silicon evaporation also required a constant high
vacuum (2−6 Torr), or else the silicon would oxidize and form flakey silicon oxide coatings on the
substrate. If the evaporation machine was able to hold the high vacuum during the high power
evaporation process, good silicon coatings would be produced, as seen in Figure 5.19.
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Figure 5.13: Aluminum sputtered onto zircaloy
Figure 5.14: Chromium sputtered onto zircaloy left, uncoated zircaloy right
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Figure 5.15: Silicon sputtered onto zircaloy
Figure 5.16: Chromium evaporated onto zircaloy, note the flaky particles on the surfaces
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Figure 5.17: High purity Cr evaporated onto zircaloy, coating initially appears more adherent
Figure 5.18: Aluminum evaporated onto zirconium, note the uncoated portion on the bottom for
comparison to uncoated zircaloy
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Figure 5.19: Silicon evaporated onto zircaloy
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5.4 Conclusions
In conclusion of the compatibility of coatings review, many coatingmethods are available tomodify
the surface of zircaloy. In this chapter, various coating techniques were studied with the selection
of a method to modify the surface of zircaloy with scalability in mind.
For this work, repeatability is a major driver for future scientific comparisons. Because of the
demands on material purity, power, high vacuum requirements, and wetting, evaporation will not
be the primary coating method utilized for the microstructual, mechanical, and corrosion analyses
in the following chapters. However, evaporation will be considered with respect to scalability.
Instead, magnetron sputtering will be the primary method used for coating zircaloy in the following
chapters. Diffusion bonded, dip coating, and casting are unique coating methods for aluminum
surface modification and will also be investigated further. The previous results are summarized
below with considerations for this work and scalability in industry:
1. Diffusion bonding of aluminum to zircaloy was successful and will be used to study the
transport behavior of aluminum into zircaloy.
2. Dip coating and casting of aluminum onto zircaloy proved initially successful, however, fur-
ther analysis for scalability is needed.
3. Diffusion bonding of silicon to zircaloy was unsuccessful; however, microstructual analysis
will determine if any diffusion layer was formed.
4. Sputtering of aluminum, chromium, and silicon onto zircaloy proved successful and will
be the primary coating method for this work because of the repeatability of the sputtering
machine.
5. Evaporation of aluminum, chromium, and silicon onto zircaloy was successful with a careful
control of variables, and will be considered for scaling to industry.
The results from this chapter build the foundation for this work, and are valuable for research
facilities and industry officials considering coating methods for zircaloy fuel cladding in the current
generation of nuclear reactors.
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Chapter 6
Evaluation of coating techniques
6.1 Introduction
Aluminum, silicon, and chromium are currently under investigation as materials to modify the
surface of zircaloy [2, 35, 38, 60, 68]. Coating zircaloy is an alternative method compared to
other research proposing to completely replace the cladding with new materials, e.g. SiC and
FeCrAl. The evaluation of various coating techniques with aluminum, chromium, and silicon is an
important step needed for the updating of the current generation of fuel cladding. While coating the
surface of a material appears simple at first, the atomic interactions on the microstructual level are
quite complex, and understanding these interactions is an important step in this research process.
Tailoring material properties to meet performance objectives requires a fundamental understanding
of the interaction of materials, diffusion kinetics, and microstructures.
This chapter analyzes the microstructures of aluminum, chromium, and silicon surface modi-
fication on zircaloy fuel cladding. The kinetics of diffusion between aluminum and zirconium are
studied. Dip coating and casting of aluminum onto zircaloy are then examined, with scalability and
time to industry in mind. Next, the microstructure of silicon diffusion into zirconium is analyzed.
Finally, magnetron sputtering of aluminum, silicon, and chromium are examined, studying their
microstructures in order to build a foundation for developing and selecting a coating material for a
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scalable method to replace the current generation of nuclear fuel cladding.
The work presented in this chapter contributes to the current literature in four ways. First, con-
firmation of the transport behavior of aluminum into zircaloy settle discrepancies in the current
literature. Second, microstructual analysis of silicon into zircaloy uses a simple diffusion cou-
ple. Third, repeatable surface modification of aluminum, silicon, and chromium into zircaloy uses
magnetron sputtering for mechanical and corrosion characterization in later chapters. Finally, mi-
crostructual analysis of scalable surface modification techniques (dip coating and casting) takes
advantage of aluminum’s low melting point.
6.2 Materials and methods
Building on the previous chapter, select coating techniques were advanced for further analysis. Fol-
lowing the heat treatment and macroscopic analysis, as previously noted, microscopic analysis was
performed utilizing, optical microscopy, XRD, SEM, EDS, and AFM. For surface characterization,
a combination of AFM, SEM, EDS, and optical microscopy were used. AFM data collection pro-
cedures are explained in-depth in Appendix A.3. Mass collection and coating thickness procedures
are explained in detail in Appendix A.1 and A.2 respectively. In addition to mass thickness mea-
surements, the coating thickness was also verified with microscopy techniques. Using the same
equipment from the previous chapter, cross sections were prepared. Using the low speed diamond
saw, samples were carefully cut to ensure the coating was not damaged. Then, the samples were
mounted in high hardness resin with their cross section facing down. After the resin dried overnight,
careful polishing, up to to 1/4 µm, was performed to expose the different layers in the cross section.
6.3 Results and discussion
In the diffusion bonding experiments of aluminum onto zircaloy, two distinct layers were observed.
Figure 6.1 illustrates these two layers. It is clear that the layers go from aluminum (orange),
aluminum-zirconium alloy (light orange), to zircaloy (green). Using the atomic percent from the
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EDS point, line, and mapping scans, along with the aluminum-zirconium phase diagram, it was
found that the two diffusion layers consist of Al3Zr and Al3Zr2. These layers were confirmed with
Figure 6.1: Zirconium-aluminum diffusion bonding at 550◦C EDS imaging [62]
XRD inspection, as shown in Figure 6.2. These two layers were also found from the cast sample
of aluminum and zircaloy 6.3. As opposed to a pure aluminum coating, an aluminum-zirconium
alloy is of greater benefit because of its significantly higher melting point, when compared to pure
aluminum. Moreover, the low melting point of aluminum would not stand up to high temperature
events in reactors, and also may spall because of the differences in thermal expansion. This result
was evident in the dip coating experiments. During heat treatment of zirconium dip coated in alu-
minum, the aluminum expanded at a faster rate and essentially fell off of the underlying zircaloy.
This observation is illustrated in Figures 6.4 and 6.5. When aluminum does bond to zircaloy, the
two diffusion zones formed also mitigate the concerns for varying thermal expansion differences
across the modified surface. The diffusion zones also have relatively high melting points around
1850 K, which is lower than that of zircaloy, but higher than the NRC limit of 1473 K. However,
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this reduced melting temperature, compared to zircaloy, can be seen as an acceptable tradeoff for
increased corrosion resistance. In particular, the melting temperature of the surface is similar to
that of stainless steels, which have been used as a cladding material in early reactors.
Figure 6.2: Zirconium-aluminum XRD surface scan [62]
After the success of modifying zircaloy with the less potent element aluminum, the diffusion
kinetics were investigated. Using the microstructures from various aluminum-zircaloy diffusion
bonding experiments, the diffusion layers were measured and the activation energy (Q) was es-
timated using the Arrhenius formula seen in Equation 6.1. Each micrograph is presented in the
appendix in Figures A.1, A.2, A.3, and A.4. By plotting the natural log of x2/t (x is the diffusion
zone thickness and t in the time) versus inverse temperature, the activation energy can be calculated
as the slope of the line, and the pre-exponential factor is the y-intercept. This plot is seen in Figure
6.6 and the Q is calculated as 175 kJ/mol, and the pre-exponential factor (k0) is 0.0468m2/s when
using a non-steady state diffusion model. The activation energy agrees well with Kidson and Laik
who reported Q’s of 193 and 188 kJ/mol respectively [28, 29]. Additionally, the pre-exponential
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Figure 6.3: Zirconium cast in aluminum and HT at 550◦C for 2 hours
factor agrees well with the literature [69]. Deviations in values are attributed to variations in exper-
imental techniques and material properties. The two diffusion zones noted in these results, Al3Zr
and Al3Zr2, agree well with Laik. However, Kidson and Miller only reported Al3Zr, and Dickson
reported Al3Zr and Al2Zr [30]. This work confirms Laik’s observation of the two diffusion layers.
175 kJ/mol is a relatively lowQ value and these experiments demonstrate the ease of aluminum dif-
fusion into zircaloy. This inward mobility of aluminum into zircaloy is an indication of the outward
mobility of Al during oxidation. This characteristic shows potential in high-temperature situations
where the outer oxide layer may spall and expose a virgin surface. As indicated by the measured
Q, the aluminummay migrate to the virgin surface and effectively heal the spalled area with a fresh
alumina layer. As mentioned in the previous chapters, a goal of this work is to reduce the amount
of zircaloy on the surface; the outward migration of aluminum during high temperature events will
meet this goal. The aluminum near the surface will provide competition and potentially reduce the
amount of zirconium oxidized during corrosion.
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Figure 6.4: Zirconium dip coated in aluminum and HT at 550◦C for 6 hours
w = k0
√
t exp
−Q0
RT
(6.1)
Silicon-zircaloy diffusion was attempted. After the debonding of silicon, during post process-
ing, a microstructural analysis was performed, and no diffusion layer was expected. However, a
small diffusion zone of silicon-zirconium alloy was found, as pictured in Figure 6.7. This diffusion
zone is unreported in the literature, but it provides a fundamental basis for an industry interested in
silicon-zirconium surface doping. After thorough EDS scans and referencing the silicon-zirconium
phase diagram, the alloy was determined to be Zr3Si. This alloy meets the requirement of reducing
the amount of zirconium on the surface. Initial observations of the modified surface show signifi-
cant surface and subsurface defects. These defects, under oxidation, may allow oxygen to penetrate
the modified surface and react with zircaloy. As mentioned in the modeling chapter of hydrogen
generation, the model assumes no defects. While Zr3Si showed little improvement in the hydrogen
generation Chapter 4, and with excessive defects, this small benefit disappears. The large amount
70
Figure 6.5: Zirconium dip coated in aluminum and HT at 550◦C for 6 hours
of defects present in the silicon-zirconium alloy are possibly because of the brittle nature of silicon.
Because of all of these pitfalls of silicon surface modification, additional considerations of silicon
as a coating material to reduce corrosion of zircaloy cladding will be limited.
With scalability in mind and lessons learned from the previous chapter, magnetron sputtering
of aluminum, chromium, and silicon were performed, and their microstructures were examined.
Figure 6.8 and 6.9 represent sputtered aluminum and chromium respectively. Due to the brittle
nature and difficulty achieving thicker coating of silicon, conclusive microstructure analysis was
unable to be completed. It is suspected that the sputtering atmosphere oxidized with the silicon
particles, and any layer formed was easily removed during post-processing. Aluminum coating
after heat treatment formed an aluminum-zirconium alloy that was determined thru EDS analysis
to be a single Al3Zr compound, which was also seen during diffusion experiments. The observation
of only a single diffusion zone was unexpected because of the two noted zones during the previous
diffusion experiments. It was hypothesized in the literature [62] that themetastable nature of Al3Zr2
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Figure 6.6: Zirconium-aluminum diffusion [62]
fully developed to Al3Zr during heat treatment. AFM surface scans (Figure 6.8 along with its
surface roughness calculations (Table 6.1) show an increase in roughness after coating and heat
treatment. This increase in surface roughness may lead to excessive oxidation during corrosion
experiments. It should be noted that the literature has also reported similar aluminum rich defects
[70] that were attributed to the coating process.
Chromium sputtering and heat treatment produced two discrete layers of chromium and zircaloy,
as noted in Figure 6.9. This conclusion was further confirmed with XRD, which revealed only
chromium and zirconium in the scan with no intermetalics (Figure 6.10). These results indicated
complete bonding of chromium to the zircaloy surface. Chromium and zirconium have nearly
identical melting points of 2136 K and 2128 K [36], which alleviates concerns of melting during
high temperature and beyond design basis events in reactors. Additionally, these melting points far
surpass the alpha to beta phase transition temperature of zirconium at 1136 K. No major surface
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Figure 6.7: Zirconium-silicon diffusion bonding at 1000◦C for 6 hours
Figure 6.8: Zirconium-aluminum sputtered and heat treated at 550◦C for 2 hours [62]
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Figure 6.9: Zirconium-chromium sputtered and heat treated at 800◦C for 2 hours
defects were noted during the post-processing of the chromium sputtered zircaloy. However, some
cracks were noticed on the surface that penetrated to the zircaloy. These defects will need to be
addressed during scaling to avoid exposure of zircaloy to water and steam during normal and severe
operation.
Figure 6.10: Zirconium-chromium XRD scans showing no Zr-Cr intermetallics
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The coating thickness was measured during the initial coating process. Tables A.1, A.3, and
A.2 in the Appendix, show the estimated coating thicknesses utilizing the changes in mass. These
values were verified with SEMmicroscopy for aluminum and chromium coatings; however, no suc-
cessful microstructure for silicon coatings was performed. The similar coating thicknesses across
all samples further confirmed the effective control that magnetron sputtering had on the deposition
process.
The surface roughness before and after coating and heat treatment is shown in Table 6.1. The
general trend of these coatings indicates increased surface roughness. While they are beneficial for
heat transfer, they pose concerns during oxidation. Increased surface roughness, if proven to be
detrimental, can be easily solved with machining of the zircaloy rods post heat treatment.
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Table 6.1: Surface roughness
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6.4 Conclusions
In summary, chromium and aluminum surface modification of zircaloy fuel cladding needs to be
further investigated, with a focus on mechanical properties and corrosion behavior. Silicon, in
the context of the work performed here, is not an appropriate material for surface modification of
zircaloy for two reasons: 1) oxidation concerns of silicon particles during the coating process, and
2) the observation of a high density of defects in the silicon-zircaloy microstructure. The oxidation
concerns are correctable for industry, by using ultra high vacuum environments; however, greater
costs will be incurred. The high-density of defects may also lead to rapid oxidation during high-
temperature events. More importantly, methods to address this concern are presently unaddressed
in the current literature. If industry desires to pursue silicon coatings, the oxidation during coating,
which forms SiO2, and the brittle, defect riddled characteristics of silicon-zircaloy alloy will pose
significant hurdles during development.
Repeatable coatings were easily performed with magnetron sputtering. While this process was
not easily scaled, it was preferred for this work because of the controllability of the coating process.
Dip coating of zircaloy into molten aluminum was not effective because of the difference in ther-
mal expansion, during heat treatment the outer aluminum layer debonded from the base zircaloy.
Casting is a promising method that is easily scaled, and creates the desired diffusion layers. Casting
also takes advantage of the low melting point of aluminum to coat zircaloy. After casting, precision
machining of the fuel rod can form the desired coating thickness and surface roughness of zircaloy
cladding.
As seen in AFM surface scans, micron-sized mounds of aluminum are formed on the surface.
This result has been previously reported in the literature [70], and attributed to the coating method.
It is hypothesized here that oxidation of the pure aluminum during heat treatment may have also
caused the aluminum rich mounds. A summarized version of the results and lessons learned from
this chapter are provided below:
1. Aluminum
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(a) Diffusion bonding produces two distinct layers, Al3Zr2 and Al3Zr, which agrees with
literature, and settles discrepancies between different sources.
(b) The activation energy of aluminum diffusion into zircaloy is 175 kJ/mol and a preex-
ponetial factor of 0.0468m2/s, and both agree with the current literature.
(c) Dip coating of aluminum onto zircaloy is not an effective method due to differences in
the coefficient of thermal expansion.
(d) Casting zircaloy in aluminum shows promise for scaling to industry, especially after
precision milling, to set the desired surface thickness and roughness.
(e) Deposition of aluminum onto zircaloy shows promise for scaleable techniques. How-
ever, surface defects pose risk for excessive oxidation during high temperature events.
2. Silicon
(a) A silicon-zirconium diffusion layer, SiZr3, was found after attempting to diffusion bond
silicon to zircaloy.
(b) The appearance of a defect riddled brittle diffusion zone rules out the use of silicon as
a surface modification material.
(c) Silicon can be deposited onto zircaloy, if careful control is taken during the coating
process to prevent the oxidation of silicon particles.
3. Chromium
(a) Chromium deposited onto zircaloy did not form any diffusion layers.
(b) Deposition of chromium onto zircaloy shows promise for scaleable techniques because
of the appearance of a uniform adherent layer.
(c) Chromium appears to have directly bonded to zircaloy. Moreover, it is important for
industry officials to note that this occurred without the aid of a pre-coated interlayer or
a diffusion zone.
The lessons learned, and results from this chapter, continue to build the foundation for industry
to quickly implement a coating material and process to replace fuel cladding in the current gener-
78
ation of nuclear reactors. The following chapter will test and discuss the mechanical properties of
the previously analyzed coating.
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Chapter 7
Mechanical properties of coatings
7.1 Introduction
Before attempting to provide a conclusive statement about this work, mechanical testing must take
place. The purpose of these tests is to ensure that the proposed materials and methods provide
structural integrity for their application. In this chapter, mechanical testing is presented on the
various coatings. The testing includes nanoindentation comparisons of the reduced modulus and
the nanohardness of unmodified zircaloy with coated zircaloy. In addition to nanoindentation,
adhesion testing of surface modified zircaloy is presented for each coating material. Previous work
on the mechanical properties of coatings is detailed in the literature; however, there is no common
trend on the required methods for analyzing modified zircaloy. Adhesion testing is often mentioned
in the literature, however, no publication reports the use of a standard adhesion testing method. In
this work, ASTM standard testing is performed strictly following the published adhesion standard.
Nanoindentation is also performed and compared with known calibrated materials.
Without standards to follow related to mechanical testing of the surface of modified zircaloy,
this work contributes to the literature. Specifically, it uses an ASTM standard to define the surface
adhesion. Additionally, mechanical testing comparison is performed using accurate and repeatable
methods to determine the bulk material properties of coated zircaloy.
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7.2 Materials and methods
To complete the nanoindentation testing, the desired coating process must already be completed.
The samples are then ready to bemounted, using crystal bond, to a sturdy base, as seen in Figure 7.1.
This procedure is to ensure there is no unwanted movement during indentation. After mounting,
the samples are cleaned using isopropyl alcohol and dried with a Kimwipe. A visual inspection is
then preformed, and any undesired debris is removed from the surface.
Figure 7.1: Three samples prior to nanoindentation
To ensure reliable and consistent results, the nanoindenter must be checked for accuracy. A
fused quartz sample with known properties was used to determine compliance. Initially, an indent
needs to be tested on the fused quartz sample, and if the results are satisfactory, the indentation can
begin on the unknown samples. Also, before each individual indentation, the outside noise needs
to be compensated for, by determining the drift, and calculating a correction factor by performing
an indentation in air.
Adhesion testing will determine how well the coatings adhere to the base zircaloy. This will
follow the ASTM D3359-09 Standard Test Methods for Measuring Adhesion by Tape Test [71].
81
An adhesion test kit will be used to follow the ASTM standard. The kit includes a blade holder
with guide, flaking brush, lighted magnification glass, tape (PA-280630), and a cutter. The cutter
is designated for coatings up to 50µm and has eleven cutters spaced 1 mm apart. The PA-280630
tape is 5.0 mils thick and has adhesion to steel of 60 oz/1” wide.
Figure 7.2: Adhesion testing kit, A: cutter, B: brush, C: inspection lens, D: PA-280630 tape
The general process for testing adhesion is as follows:
1. Ensure surface is completely clean
2. Using the provided cutter, score the surface two times at a 90◦angle
3. Ensure the cuts are complete and go through the coated surface
4. Remove a strip of tape without jerking
5. Press, by hand and with a pencil eraser, the tape onto the surface and check for full adhesion
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6. Wait ∼1 minute
7. Remove the tape without jerking at a constant rate
8. Check the amount of surface removed following the guide in the standard
Based off of the results from previous chapters, a single heat treatment process will be tested
for the adhesion testing samples. This process is described in detail in Section A.4. All samples
are treated under vacuum better than 2× 10−6 Torr, a ramping rate of 20 ◦/min, and a hold time of
2 hours. Treatment temperature for each coating is listed below in Table 7.1.
Table 7.1: Heat treatment temperatures
Coating Temperature
Aluminum 550◦C
Silicon 900◦C
Chromium 800◦C
7.3 Results and discussion
7.3.1 Adhesion testing
Initial adhesion testing on the coated samples before heat treatment showed 0% adhesion. This
is clearly evident in Figure 7.3. The top three samples are post aluminum coating with no heat
treatment. The bottom samples are immediately following the adhesion testing. The center portion
of the samples with the scores have no aluminum remaining. The results of the tape test are listed
in Table 7.2, for each sample. On average, >65% of the coated area was removed. This failure led
to the the decision to heat treat all samples and check the adhesion post-treatment.
Following the failed adhesion testing on samples with no heat treatment, the adhesionwas tested
on only heat treated samples for the remainder of this work. Aluminum, silicon, and chromium
coated zircaloy were heat treated, following the methods section, and at their unique treatment
temperatures as noted in Table 7.1. It was found that all three elements completely bonded to
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Figure 7.3: Adhesion test of Zr coated with Al, no heat treatment, top: before, bottom: after
Table 7.2: Adhesion test results of Zr coated with Al, no heat treatment
Sample Adhesion
1 0B
2 0B
3 0B
the base zircaloy. The results are presented in Tables 7.3, 7.4, and 7.5 for aluminum, silicon, and
chromium. These results are interpreted as an average of 0% area removed. Based on the prior
microstructural analysis, these results are not surprising for aluminum and silicon coating because
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of the diffusion layers seen in previous chapters. Moreover, chromium adhesion is now verified
with these adhesion tests and any concerns about the lack of diffusion layers between chromium
and zircaloy are put to rest.
Table 7.3: Adhesion of zircaloy coated with aluminum
Sample Adhesion
1 5B
2 5B
3 5B
Table 7.4: Adhesion of zircaloy coated with silicon
Sample Adhesion
1 5B
2 5B
3 5B
Table 7.5: Adhesion of zircaloy coated with chromium
Sample Adhesion
1 5B
2 5B
3 5B
Visual inspections during the adhesion testing process were also performed and documented
below. Figure 7.4 shows the various steps in the aluminum coating process. The top figure shows
the aluminum coating. The middle figure is post heat treatment; the discoloration noted, here, after
heat treatment is common, and simple surface polishing can remove it. The final picture is after the
scoring of the sample, and the tape was applied and removed. It can easily be seen, that the surface
remained after the test.
Silicon doped zircaloy before and after adhesion testing is seen in Figure 7.5. It is difficult to
observe in the top picture, but there is significant dust on the surface. This finding illustrates the
importance of cleaning the sample prior to scoring and applying the tape. The results of the tape
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Figure 7.4: Top: After Al coat, Middle: Post heat treatment, Bottom: After adhesion test
test are in the bottom image. It can be seen there that no material was removed from the sample
after removing the tape.
Chromium surface modification steps onto zircaloy are illustrated in Figure 7.6. The first image
shows clean uncoated zircaloy, whichwas standard practice for all coating experiments. The second
image is the base zircaloy with chromium coating prior to heat treatment. It is also observed here,
that the natural color of chromium is present in an unpolished state. The third image depicts the
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Figure 7.5: Silicon coated zircaloy before and after adhesion testing
chromium coated surface post heat treatment. The circles shown here are marks from the location
of spacers used during heat treatment, and the discoloration is a result of the heat treatment. This
discoloration can be polished off to reveal the pure chromium color. The fourth and final picture
shows the samples after the tape test. Here, the array of scores at a 90◦angle from each other, can
be observed. Aside from the cuts, the third and fourth image appear identical. This observation
indicates the chromium surface remained after the adhesion test.
After performing the adhesion testing, a concern was raised that a naked eye visual inspection
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Figure 7.6: First: uncoated Zr, second: after Cr coating, third: post heat treatment, last: post
adhesion test
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cannot verify the composition of the surface. Consequently, EDS scans were performed to check
that the anticipated surface remained intact. Also, imaging was used to verify that the cuts were
made through the coating to the base zircaloy. A quick EDS scan was performed on the aluminum
doped zircaloy, as depicted in Figures 7.7 and 7.8. The results verify that the aluminum coating
remained on the surface. Based on the atomic percent and theAl-Zr phase diagram, the outer surface
was determined to be Al3Zr, which agrees with the results in the previous chapters. Not pictured in
Figures 7.7 and 7.8 is the verification of the cuts penetrating to the base zircaloy; however, during
examination it was confirmed that they did penetrate.
Figure 7.7: Aluminum coating of SEM and EDS mapping of surface after adhesion Testing
89
Figure 7.8: EDS results after adhesion testing aluminum coating
The results after adhesion testing silicon doped zircaloy were inconclusive after visual exam-
inations. The flakes on the surface were suspected to be oxidized silicon, and they were easily
wiped off prior to the testing. After the tape test, the surface had the same appearance as it did
before the test, and two possible conclusions were drawn. First, that the silicon diffused into the
zircaloy and remained after the adhesion test, or second, that there was never any silicon on the
surface. The samples were examined in the SEM, and the results are pictured in Figure 7.9. The
conclusions drawn present favorable results for silicon coating. The silicon remained on the sur-
face and diffused into zircaloy as previously seen, and the cuts performed during testing penetrated
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through the entire coating to the base zircaloy. The atomic percent of silicon and zirconium, along
with the Si-Zr phase diagram, verify the formation of Zr3Si on the surface of zircaloy.
Figure 7.9: Silicon adhesion testing SEM verification
Chromium surfacemodification had unique features not seenwith aluminum and silicon. Chromium
initially appeared to directly bond to zircaloy with no diffusion zone. Chromium is also known for
its high level of hardness, and this may effect the scoring required for adhesion testing. As seen in
Figure 7.10, the cut penetrated through the chromium surface and exposed the base zircaloy. The
second image shows the dispersement of zirconium atoms under the cut, and none were seen on the
uncut surface. This result dismisses concerns about chromium’s hardness affecting the adhesion
testing. In Figure 7.11, an EDS scan was performed on the surface. As expected, chromium was
not removed during the tape test. This observation is indicated by the quantitative results, showing
>99% chromium atoms on the surface.
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Figure 7.10: Chromium adhesion testing SEM verification
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Figure 7.11: Surface after adhesion testing Cr coated Zr
7.3.2 Nanoindentation
A representative result comparing the nanoindentation force vs. depth plot is shown in Figure 7.12.
There are two indentations overlaid on each other (zircaloy and aluminum coating on zircaloy) that
show the differences in the material properties between the two samples. The aluminum coated
and heat treated zircaloy are much softer because there is a greater penetration depth with a lower
applied force. However, this result is only one indentation, as it takes multiple tests to form a
meaningful average.
Also of interest is themarking left by the indenter after indentation. A representative indentation
mark left on zircaloy from the Berkovich tip is seen in Figure 7.13. This mark was created using a
load controlled indent to a maximum force of 9500 µN. The image does not reveal any unexpected
features, Throughout the nanoindentation experiments, similar random indenter scans were taken,
looking for abnormal results, such as unusual plastic flow or cracking around the indent mark.
Nothing unexpected was found throughout this research.
The results of the nanodentation are presented in Table 7.6. The fused quartz sample was the
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Figure 7.12: Force vs. depth, Zr compared to Al sputtered and HT (adhesion test sample)
reference material and tested prior to each set of experiments to ensure the machine was in com-
pliance. Nanoindentation results do not directly convert to microindentation because of the unique
properties on the nanoscale. Due to this result, the nanohardness and reduced modulus values are
reported here. Hardness and modulus will refer to nanohardness and reduced modulus for this re-
port. Moreover, these nanoindentation results are for comparisons against each other and not for
the comparision in the existing literature. Each unique coating, heat treatment, and surface prepa-
ration can greatly effect the results. This result is evident by the large standard deviation observed
in some samples. Typically, 15–30 indentations were performed on each sample to establish an
average.
After coating zircaloy with aluminum, the nanohardness and modulus decreased as expected.
Aluminum is a much softer and a more elastic material compared to zircaloy. Post-heat treatment,
the hardness increased again as expected with the formation of the aluminum-zirconium diffusion
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Figure 7.13: Load controlled, 9500 µN, nanoindentation on zircaloy
layer. Additionally, the modulus continued to decrease, which suggest increased elasticity.
Unexpected mechanical properties were found after silicon coating onto zircaloy. The hardness
and modulus both decreased. As mentioned in previous chapters, coating silicon onto zircaloy
proved very difficult, even after tightly controlling the coating parameters. While looking at bulk
material properties, silicon coated zircaloy should have a higher degree of hardness and modulus
compared to zircaloy. However, it is evident, that the coating process is flawed, and that widespread
defects in the coating produced these results. This conclusion is further evident by the results
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detailed after heat treatment. The flaking and defects seen in the previous chapters is again noticed,
with the drastic reduction in the nanohardness and reduced modulus.
Chromium coated zircaloy experienced unexpected changes inmodulus and hardness after coat-
ing. The hardness greatly increased while the modulus slightly decreased. These results indicate
that the coating process greatly affected the mechanical properties of the chromium coating, be-
cause it should have a significantly higher modulus and similar hardness. After heat treatment, the
chromium coating returns to a normal state with expected values relative to zircaloy.
Table 7.6: Nanoindentation data
Hardness (GPa) Reduced Modulus (GPa)
Sample Mean STD Mean STD
Fused Quartz 9.58 0.70 71.53 1.57
Zircaloy 3.89 1.22 125.42 24.99
Al coated 0.97 0.23 99.40 14.82
Al coated and HT 1.53 0.44 80.93 16.84
Si coated 4.94 0.59 89.48 11.35
Si coated and HT 0.84 0.22 45.85 7.33
Cr coated 7.46 1.56 114.74 17.07
Cr coated and HT 4.59 0.80 194.54 28.09
7.4 Conclusions
In conclusion, mechanical properties of surface modified zircaloy were established. This chap-
ter used the ASTM standard for adhesion by the tape test and nanoindentation to determine the
nanohardness and reduced modulus in comparison against base zircaloy. For coatings, adhesion
is a very important property to establish. This work demonstrated that aluminum, silicon, and
chromium adhered to zircaloy after controlled heat treatment. Mechanical properties of aluminum
doped zircaloy, after treatment, showed that the hardness and modulus both reduced compared
to base zircaloy. This outcome is expected considering the bulk material properties of aluminum
and zirconium individually. Silicon further proved to be inadequate for modifying the surface of
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zircaloy with the difficulties in coating and defects generated in the diffusion layer after heat treat-
ment. Initially, coating chromium onto zircaloy was uncertain because of the unexpected properties
due to the coating process. However, after heat treatment, the expected chromiummechanical prop-
erties, compared to zircaloy, were tested and found. The results from this chapter are summarized
as follows:
1. A single heat treatment process and temperature was established for coating aluminum, sili-
con, and chromium onto zircaloy.
2. All coating materials, after heat treatment, completely adhered to the base zircaloy.
3. Aluminum doped zircaloy has a lower hardness and modulus than base zircaloy.
4. Silicon is not recommend for continued testing because of the difficultly experienced coating
it, and its undesirable mechanical properties.
5. Chromium coated zircaloy, after heat treatment, demonstrated expected mechanical proper-
ties.
These conclusions continue to build on the science of coating zircaloy for use as a nuclear fuel
cladding. Silicon will not be considered further due to the pitfalls mentioned in the above summary,
and in previous chapters. Instead, aluminum and chromium are proving to be ideal materials to
increase the accident tolerance of fuel cladding.
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Chapter 8
Corrosion testing
8.1 Introduction
In this chapter, various corrosion tests are performed on zircaloy coated with aluminum, chromium,
and uncoated zircaloy. These corrosive environments simulate reactor conditions during vari-
ous operating conditions—from normal to accident scenarios. The experiments are performed in
custom-designed or purchased autoclaves, while the post-processing follows the same techniques
as in the previous chapters. In addition, significant work has been done on the corrosion analysis
of fuel cladding [51–58, 72–74]. The work presented here does not attempt to repeat work reported
in the literature. Comparison studies of coated zircaloy to uncoated zircaloy are lacking, especially
reguarding thin coatings. In this work, high-temperature steam corrosion, high-temperature high-
pressure water corrosion, thermal shock testing, iodine stress corrosion cracking, and boric acid
corrosion are completed to compare the corrosion behavior of coated zircaloy with unmodified
zircaloy.
A brief description of each corrosion test follows. Steam corrosion experiments simulate a
LOCA, when the core is partially or completely uncovered. High-temperature high-pressure water
corrosion simulates normal PWR reactor conditions for extended operating periods. Thermal shock
testing demonstrates a unique situationwhen there is loss of coolant and cool water is dumped on the
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hot cladding. Iodine stress corrosion simulates when the fission product, iodine, can migrate into
defects in the cladding. This reaction accelerates cracking, especially when under a load. Finally,
boron is a neutron moderator and can be injected into the coolant as a control measure. While not a
major corrosion concern, boron is added added to the PWR simulation environment and the affects,
if any, are explored.
As such, this dissertation adds to previous research in the following ways: It directly compares
the corrosion behavior of coated zircaloy to uncoated zircaloy. These experiments are completed
in using the same procedures to ensure that no experimental parameters are different. Moreover,
a wide range of corrosive environments are tested to ensure all reactor operating conditions are
covered. Finally, the oxidation kinetics of coated zircaloy and uncoated zircaloy are compared and
discussed. The oxidation kinetics of uncoated zircaloy is compared to literature for verification and
validity of the test performed here.
8.2 Materials and methods
High temperature unlimited steam corrosion
Coated zircaloy along with with unmodified zircaloy was exposed to high-temperature steam
at 800◦C and 1000◦C steam for various times to compare the oxidation kinetics. The same high-
temperature steam corrosion autoclave published by this author and Gokul Vasudevamurthy [62]
were used and is pictured in 8.1. Steam was produced so that an unlimited supply was available for
reaction at a constant pressure of ∼28 kPa. A UP150 tube furnace with a custom 316 steel tube,
retrofitted with control valves, regulate the flow of steam and inert gas. Ultra-high purity argon
was also flushed throughout the entire system prior to tests.
PWR simulation conditions
The corrosive atmosphere inside PWR’s was tested in a high-pressure high-temperature auto-
clave at 15.5 MPa and 345◦C. The autoclave reactor used is pictured in Figure 8.2, with the im-
portant features highlighted. The reactor was filled with distilled and deionized water and heated
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Figure 8.1: High-temperature steam corrosion apparatus [62]
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externally to 345◦C. The reactor was insulated surrounding the water filled portion, and the sam-
ples were placed near the heating element to minimize heat loss. After the samples were loaded
and filled with water, the autoclave was purged with ultra-high purity argon and heated to the oper-
ating temperature. After the operating temperature was reached, the reactor was pressurized, with
argon, to the operating pressure. The reactor was monitored daily for any change in pressure or
temperature, and adjusted when needed. The results of coated and uncoated zircaloy are presented
in the results section for 100, 1,000, and 6,000 hours.
Figure 8.2: Water corrosion cell, A: pressure gauge, B: safety blow-off valve, C: inert gas pressur-
izer, D: insulation, E: hot plate
Thermal shock testing
Thermal shock testing used the same apparatus from the high-temperature steam corrosion ex-
periments, as seen in Figure 8.1. For these experiments, the samples were heated to 1000◦C under
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argon atmosphere. After the system reached steady state, the samples were quickly cooled to room
temperature by dropping them into distilled water.
Additional thermal shock experiments were performed to more accurately simulate a LOCA
condition. The samples from the 6000 hour water corrosion experiments were heated to 1000◦C
under argon, then cooled with steam to 100◦C and water to 22◦C. This environment replicated
a LOCA after many months of normal reactor conditions. Note that any oxidation layer formed
during normal operation may react differently to thermal shock testing compared to fresh samples.
Iodine stress corrosion cracking
Following work from [72], iodine vapor was exposed to the samples at a concentration of 2.2×
10−4g/cm3 for 2 hours at 500◦C. Again, the same tube furnace was used for these experiments as
is seen in Figure 8.1. However, the autoclave was removed and iodine vapor mixed with argon was
passed through the tube.
Boric acid corrosion
Using a similar high-temperature high-pressure autoclave (see Figure 8.2), boric acid was added
to distilled and deionized water to created a concentration of 2000 ppm [75]. This concentration is
near the maximum amount used in PWR reactors during normal operation. Samples were exposed
for 100 and 1,000 hours and compared to unmodified zircaloy. The same methods detailed in the
PWR simulation conditions experiments were used; however, 2000 ppm boric acid solution was
used replacing the water.
8.3 Results and discussion
8.3.1 High-temperature unlimited steam corrosion
As described in the materials and methods section, zircaloy surfaces modified with aluminum and
chromium were corroded in a high-temperature steam atmosphere and compared to unmodified
zircaloy. This environment was designed to mimic extreme LOCA operating conditions.
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Representative samples from the steam corrosion experiments are seen in Figures 8.3, 8.4, and
8.5 for the various modified and unmodified zircaloy surfaces [62]. At 800◦C (1073 K), oxidation
thickness for the pure zircaloy samples seen here are ∼8 µm after 2 hours of steam corrosion.
At 1000 ◦C (1273 K), the oxidation layer was much thicker (∼20 µm). The oxide thickness for
aluminum coated zircaloy was ∼0.7 and ∼22 µm at 800 and 1000◦C. The oxide thickness for
chromium coated zircaloy was ∼2 and ∼13 µm at 800 and 1000◦C. It should also be noted that
the oxidation thicknesses included both the oxide from the coating and base material when it was
applicable.
Using the entire collection of steam corrosion data, theQ for zircaloy, aluminum coated zircaloy,
and chromium coated zircaloy was calculated, assuming the Arrhenius relationship in Equation 6.1.
The aluminum coated zircaloy (1.14 ±0.14 µm at 800◦C and 27.1 ±1.89 µm at 1000◦C), zircaloy
(2.17 ±0.15 µm at 800◦C and 26.1 ±1.18 µm at 1000◦C), and chromium coated zircaloy (1.95
±0.49 µm at 800◦C and 13.37±2.02 µm at 1000◦C) exhibited Q’s of 180 kJ/mol, 141 kJ/mol, and
109 kJ/mol.
The Q for oxygen diffusion matches the Q for aluminum diffusion reported in this work, which
suggests that the migration of aluminum to the surface is the controlling feature during oxidation.
The Q for the oxidation of zircaloy matches those reported in the literature in similar temperature
ranges [57], which validates the aluminum and chromium oxidation results. The low Q for oxygen
diffusion of chromium coated zircaloy also suggests that the chromium initially acted as a barrier
which prevented the zircaloy from oxidizing at lower temperatures and less exposure time. How-
ever, once the chromium barrier was breached, by perhaps spalling induced by high surface stress,
the underlying zircaloy readily oxidized.
To test if a thicker aluminum diffusion layer would enhance the corrosion resistance, a thick
aluminum doped zircaloy sample was exposed to 1000◦C steam for 2 hours. This is depicted in Fig-
ure 8.6, which shows that it was evident that the underlying zircaloy was untouched by the oxygen.
However, oxygen was able to penetrate through a crack and oxidize the aluminum-zirconium layer.
When there were defects present in the layers, that was a driver in corrosion on the under layers.
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However, when no defects are present, the reaction was controlled by the migration of aluminum
to the surface.
To gain a better understanding of the mechanical changes that occurred during steam corrosion,
AFMwas performed at various steps in the coating and corrosion process. The surface microstruc-
ture of aluminum coated zircaloy is seen in Figure 8.7, and for chromium coated zircaloy in Figure
8.8. The results from these scans show an increase in surface roughness after each step. For ex-
ample, the surface roughness is ∼2 times greater after corrosion compared to the sample before.
Understanding the changes in surface roughness is important for industry officials to know, so
that appropriate measures are taken by them concerning the heat transfer properties and fluid-solid
interactions while plants are in operation.
In addition to using AFM, nanoindentation was performed on the samples after the steam cor-
rosion experiments, and the results are plotted in Figure 8.9. This measure was to determine if
there were any significant changes in the mechanical properties of the coated zircaloy compared
to unmodified zircaloy. After 1073 K steam corrosion, an unexpected result was found with the
chromium coated sample. The hardness and modulus both dropped when compared to precorroded
chromium coated zircaloy. This result is hypothesized to have occurred because of chromium
spalling and exposing a fresh zircaloy layer underneath. After the 1273 K steam corrosion exper-
iments, the hardness and modulus of the chromium coated sample was similar to the unmodified
zircaloy. The large range in the standard deviation was because of the formation of defects and
voids in the oxidation layer, and was seen to increase as the oxidation layer size increased with
temperature. The conclusion of these nanoindentation results show promise for coating zircaloy,
because the mechanical properties after high-temperature steam corrosion experiments indicated
no significant difference in properties.
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Figure 8.3: Steam corrosion experiments at 1273K, a) Al-doped specimen microstructure with
oxide layer formation, b) EDS mapping shows concentration of aluminum at the surface, c) EDS
mapping shows concentration of oxygen at the surface coinciding with aluminum, d) Pure zircaloy
control specimen microstructure, e) EDS mapping showing deeper penetration of oxygen into pure
zircaloy control specimens [62]
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Figure 8.4: Steam corrosion experiments at 1073K, a) Al-doped specimen microstructure with
oxide layer formation, b) EDS mapping shows concentration of aluminum at the surface, c) EDS
mapping shows concentration of oxygen at the surface coinciding with aluminum, d) Pure zircaloy
control specimen microstructure, e) EDS mapping showing deeper penetration of oxygen into pure
zircaloy [62]
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Figure 8.5: Chromium steam corrosion experiments
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Figure 8.6: Microstructure of Al-Zr diffusion layer formed using diffusion bonding technique sub-
ject to steam exposure at 1273K for 120 mins [62]
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Figure 8.7: AFM surface scans of aluminum coated zircaloy after various coating and corrosion
steps, an increase in surface roughness was noticed after each experiment
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Figure 8.8: AFM surface scans of chromium coated zircaloy after various coating and corrosion
steps, an increase in surface roughness was noticed after each experiment
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Figure 8.9: Cr coated zircaloy and base zircaloy nanoindent results after steam corrosion
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8.3.2 High-pressure, high-temperature water corrosion
High-pressure, high-temperature water corrosion experiments were completed to simulate the nor-
mal reactor operating conditions of a PWR. Because of the strength of the corrosion resistance of
the materials selected for testing, extremely long timeframes were required to determine the ef-
fects of oxidation at 345◦C. Figures 8.10, 8.11, and 8.12 represent the microstructures of aluminum
coated zircaloy, chromium coated zircaloy, and uncoated zircaloy at various intervals during the
water corrosion experiments. After 100 (not pictured) and 1000 hour experiments, the aluminum
coated zircaloy had no significant oxidation. Similar aluminum mounds were seen after these ex-
periments, as noted in previous sections. After 6000 hours, the aluminum layer appears to fully
oxidize. Also, because of the surface defects present in the aluminum coating, wide-spread crack-
ing occurred and exposed the underlying zircaloy. The chromium coated zircaloy experienced
similar results compared to aluminum coated zircaloy. After 100 and 1000 hours, the chromium
coating remained intact and prevented oxygen from reaching the base zircaloy. It should be noted
that there did not appear to be any surface defects in the chromium layer, as is supported in Figure
8.11. After 6000 hours, the chromium coating developed significant stress in the outer layer and
cracked, which formed a significant amount of defects for oxygen to penetrate to the base zircaloy.
This result was clearly seen in the 6000 hour microstructure.
For both aluminum and chromium doped zircaloy, while hurdles still remain, it is promising
that the coatings remained visible after each corrosion step. This observation alleviates concerns
that the coating would simply falling off once used in a reactor environment. For comparative
purposes, zircaloy microstructures are presented in Figure 8.12. These SEM and EDS images show
the excellent corrosion resistance of zircaloy under normal operating conditions.
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Figure 8.10: Microstructual analysis of aluminum coated zircaloy in a PWR simulation environ-
ment
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Figure 8.11: Microstructual analysis of chromium coated zircaloy in a PWR simulation environ-
ment
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Figure 8.12: Microstructual analysis of uncoated zircaloy in a PWR simulation environment
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8.3.3 Thermal shock corrosion
Thermal shock corrosion testing was performed to simulate the rare event when there is a LOCA
and cool water is dumped on the core, in an emergency, to save the reactor. The surface and subsur-
face microstructures were compared for thermal shock corroded modified zircaloy and unmodified
zircaloy. Figures 8.13, 8.14, and 8.15 represent the uncoated zircaloy, aluminum coated zircaloy,
and chromium coated zircaloy, after rapidly cooling the heated samples. The unmodified zircaloy
experienced a significant increase in oxygen concentration after testing. This result was attributed
to heating the zircaloy to 1000◦C, then exposing the sample to an oxidizing environment. As
was previously noted, zircaloy has very good corrosion resistance properties at lower temperatures
(∼345◦C) for extended durations. However, as seen here, once heated to temperatures of >800◦C,
rapid oxidation of zircaloy occurs. This result was not seen in the aluminum and chromium pro-
tected samples. Aside from the development of some surface defects in both aluminum coated
zircaloy and chromium coated zircaloy, the modified surfaces had little to no reaction to the rapid
change in temperature. With concerns about surface stress in the chromium coated surface, spalling
and widespread cracking was expected in micrographs; however, none were noted.
The simulated LOCA, with samples from the 6000 hour water corrosion experiments, are de-
picted in Figures 8.16 and 8.17. Figure 8.16 shows that the chromium layer remained intact af-
ter both 6000 hour water corrosion and the LOCA cooling at 1000◦C. From the EDS scan, the
chromium layer did not fully cover the zircaloy, which indicated localized spalling. The oxidation
layer was also thinner for the chromium coated zircaloy. This result further confirmed a previously
mentioned hypothesis, that the chromium layer protects the zircaloy until the oxygen fully pene-
trates the chromium layer and then reacts with the zircaloy. The same experiments were performed
on the aluminum coated zircaloy; however, the results were inconclusive. Reasons for the incon-
clusive results may include incomplete aluminum coverage, as was seen in the previously noted
surface scans.
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Figure 8.13: Unmodified zircaloy after rapid cooling from 1000◦C to 22◦C
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Figure 8.14: Aluminum modified zircaloy after rapid cooling from 1000◦C to 22◦C
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Figure 8.15: Chromium zircaloy after rapid cooling from 1000◦C to 22◦C
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Figure 8.16: Chromium modified zircaloy after LOCA simulation
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Figure 8.17: Unmodified zircaloy after LOCA simulation
121
8.3.4 Boric acid environmental testing
Boron is a neutron moderator and it is frequently injected into the coolant to control the reactor.
Knowing this outcome, additional experiments were conducted using the PWR environment auto-
clave from the previous section. Simply stated, the PWR simulation corrosion testing was repeated
using 2000 ppm boric acid for 100 and 1000 hours. Figures 8.18, 8.19, and 8.20 exhibit the results
from these experiments for aluminum coated zircaloy, chromium coated zircaloy, and uncoated
zircaloy. After 100 and 1000 hours, there was little effect on the coated samples when compared to
the water corrosion experiments. The same features were seen after the boric acid experiments that
were found in the water corrosion experiments. These results remove any concern that the coated
surfaces will be negatively affected by the use of boron in controlling the neutrons in reactors.
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Figure 8.18: Microstructual analysis of aluminum modified zircaloy in boric acid corrosion envi-
ronment
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Figure 8.19: Microstructual analysis of chromium modified zircaloy in a boric acid corrosion en-
vironment
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Figure 8.20: Microstructual analysis of unmodified zircaloy in a boric acid corrosion environment
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8.3.5 Iodine stress corrosion cracking testing
Iodine stress corrosion cracking experiments were conducted to determine if iodine, a fission prod-
uct, would have any significant effect on the coated surfaces. Figures 8.22, 8.23, and 8.21 il-
lustrate the microstructures of unmodified zircaloy, chromium modified zircaloy, and aluminum
modified zircaloy. The unmodified zircaloy did not show any significant changes after the iodine
testing, aside from some minor oxidation partially attributed potential leaks in the system during
testing. However, the chromium modified zircaloy showed significant surface defects in the forms
of cracks. It is concluded that the iodine penetrated into defects and caused widespread cracking,
as seen in the surface scans. It was also observed that a significant amount of iodine was left on
the surface in the EDS scans. The iodine penetration was only seen on the surface of the chromium
modified zircaloy. It was hypothesized in the previous chapters, that the chromium surface held
stress, and that the iodine concentrated on high stress areas, and caused cracking. It is important
to note that the iodine was not found in the cross section, further confirming the presence of only
surface stress. Another encouraging aspect of the chromium coating, is that zirconium was not
found on the surface after testing. Also notable, is that the surface cracks did not penetrate through
the entire chromium layer. However, this event could be due to the short duration of the testing
performed. The aluminum modified zircaloy did not have any significant degradation from the
iodine corrosion experiments. No iodine was found on the surface and there was no significant in-
crease in defects either on the surface or throughout the modified surface. Thus, it si concluded that
the aluminum results are promising for using aluminum modified zircaloy in reactor environments
where the fission product iodine is present.
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Figure 8.21: Microstructual analysis of unmodified zircaloy after iodine stress corrosion cracking
testing
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Figure 8.22: Microstructual analysis of chromium modified zircaloy after iodine stress corrosion
cracking testing
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Figure 8.23: Microstructual analysis of aluminum modified zircaloy after iodine stress corrosion
cracking testing
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8.4 Conclusions
Significant studies have been observed detailing the corrosion behavior of zircaloy in nuclear ap-
plications. However, with an interest in increasing the corrosion tolerance of the current generation
of nuclear reactors, further corrosion testing must be completed to understand if coating zircaloy is
an applicable solution. This chapter begins this work by testing and comparing the corrosion be-
havior of unmodified zircaloy with modified zircaloy, specifically with aluminum coated zircaloy
and chromium coated zircaloy.
The oxidation kinetics of zircaloy was found and agrees with the literature for the tested tem-
perature range. Aluminum modified zircaloy was found to have a similar Q when compared to
the diffusion of aluminum into zircaloy. Chromium oxidation kinetics indicated a low Q, which
suggest enhanced resistance to oxidation at elevated temperatures. Long PWR simulated corrosion
environments deteriorated the aluminum modified zircaloy and the chromium modified zircaloy.
This deterioration was attributed to defects in the coating. It was encouraging that the aluminum
and chromium coated zircaloy both survived the 6,000 hours oxidization environment. The thermal
shock testing demonstrated that coated zircaloy can withstand extreme temperature changes. Boric
acid testing also showed that the coatings could withstand concentrations of boron in coolant up
to 2000 ppm. Some important results from the iodine stress corrosion cracking point out cracking
concerns of chromium coated zircaloy. Stress in the chromium surface attracted the iodine atoms
and caused wide spread cracking in elevated temperatures. This observation agrees with findings
from the mechanical testing Chapter 7.
While corrosion testing for zircaloy in the literature is comprehensive, this work begins to test
chromium modified zircaloy and aluminum modified zircaloy. Industry officials can take these re-
sults and either rule out coating materials, or they can further examine the mechanisms of corrosion
and correct concerns with more advanced coating methods and treatment.
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Chapter 9
Scalability
9.1 Introduction
In the current literature, there is widespread agreement that chromium and aluminum are the most
suitable materials for coating zircaloy cladding, when trying to mitigate corrosion [2]. Research
by Atomic Energy of Canada, in the 1970’s, appears to have ended investigations of the feasibility
of using aluminum in nuclear reactors [31]. The agency’s major conclusions were that zircaloy
corroded at a faster rate than aluminum-zirconium alloys. Their results agree with the conclusions
of this study. The Canadian research focused on the development of new cladding material; while
the present work focuses on coating existing zircaloy. At this time, little to no literature discusses
the entire process of the feasibility of coating, treating, and certifying the hundreds and thousands
of fuel rods currently being used in the nuclear reactors in the United States.
Using the work from the previous chapters and literature reviews on material selection, process
selection, and further considerations for the implementation of surface modified zircaloy into the
current generation of nuclear reactors. This chapter compares and recommends the various ma-
terials and methods tested, combines the findings from Chapters 4–8, and expands the results to
include the three significant discoveries of this dissertation:
1. Aluminum is the prime material for modifying the surface of zirconium fuel cladding when
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directly compared to silicon and chromium. It has advantages regarding material proper-
ties, scalability, economics, processing, and manufacturing capabilities. These results allow
industry officials to be well-informed when deciding which research areas to invest their
resources in, when they are attempting to increase the accident tolerance of reactors.
2. Casting aluminum and zircaloy is the most applicable method for scaling when taking into
account all the alternatively attempted coating methods in this work. This finding also allows
the nuclear industry to advance and develop mass production methods for reactor implemen-
tation.
3. Coating certification will be a crucial aspect needed for scaling cast aluminum onto zircaloy
fuel cladding.
The results and conclusions developed by this work are valuable assets that can be utilized by
the nuclear industry to guide them to fully implement surface modified zircaloy and incorporate it
in the current generation of nuclear reactors.
9.2 Material selection
Aluminum was selected as the optimal coating material for two primary reasons. First, aluminum
has the desirable mechanical properties for machining. As seen in the compatibility of coatings
chapter (5), aluminum is easily machined and formed. Second, casting aluminum is achievable for
large-scale production when considering scalability and economics. Moreover, the disadvantage
of chromium is that the coating would have to be cold sprayed or evaporated to achieve the desired
coating thickness. Additionally, cold spraying technology has not been developed to the extent of
casting for mass production applications, and evaporation requires significant power and facility
requirements.
In addition to the desirable mechanical properties, aluminum has favorable netronics. The neu-
tron penalty associated with the thermal cross-section is significantly lower for aluminum when
compared to chromium (>10 times). Additionally, aluminum has already been selected as the
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cladding material for research and test reactors where neutron conservation is a primary design
factor [76]. In early reactors, zirconium was selected to replace stainless steel as the cladding
material because of its small neutron cross section and comparable mechanical and corrosion re-
sistance. This result is seen in Table 9.1, where the neutron cross-sections for the three materials
investigated in this phase of the study are compared.
Table 9.1: Neutron cross section comparison
Material Cross Section (barns)
Zirconium 0.185
Aluminum 0.231
Chromium 3.05
Chromium has major drawbacks in material properties that are difficult to design around. As pre-
viously mentioned, its cross-section is ten times greater than aluminum. With an ever increasing
concern for efficiency in a competitive energy market, chromium is a hard material to sell to the
commercial energy market because of its inefficiency with neutrons. Additionally, the stress devel-
oped in chromium coated surfaces have cracked under loads or extreme oxidizing environments.
As noted in this work, chromium may spall when in corrosive atmospheres, and crack when un-
der stress. Chromium was not alone in defect concerns; aluminum also has had surface defects.
However, aluminum’s defects were a result of the coating process, and additional machining steps
can mitigate these problems. Finally, chromium developed cracks and defects while in extreme
atmospheres and cannot be mitigated while in use.
9.3 Process selection
The recommended method for modifying zirconium fuel cladding is casting. This process can
easily be scaled for mass production, as explained below. A low-cost steel crucible with molten
aluminum can be used as the outer cast. Zircaloy will then be inserted in the molten aluminum.
Then, the entire casting with zircaloy inserted will be heat treated following the recommendations
from this research: 550◦C for 2 hours under inert atmosphere. After heat treatment and cooling, the
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assembly can be removed from the inert atmosphere and be ready for machining. Next, the excess
crucible and aluminum can be quickly milled off. Accordingly, the clad can be precisely machined
to the desired clad dimensions, and the surface finished, as seen in Figure 9.1. The milling in
this work was also attempted, as shown in Figure 9.2, and shows the ease of removing unwanted
material after the heat-treatment steps.
Figure 9.1: Precision machining of zircaloy cast in aluminum
9.4 Further considerations
Further considerations, including NRC regulation, cost reduction, and potential scaling hurdles,
are discussed in this section. The NRC has a 17% oxidation criteria for zircaloy cladding, meaning
that the agency considers cladding operating within the design limits of 17% as safe for reactor
use [57]. This work proposes to exploit this limit by incorporating a coating under this criteria
and still providing a generous oxidation limit. For example, the cladding thickness for a PWR
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Figure 9.2: Cast sample machined down
is ∼570 µm thick [5]. According to the NRC criteria, ∼100 µm of the fuel cladding rod may
react with oxygen to remain within the compliance. This work proposes to incorporate a 5–10 µm
zirconium-aluminum diffusion layer on the outer surface. With this layer, the NRC can reduce the
17% oxidation criteria to 15% to remain in compliance; this is about a 10% reduction. This rate
is still very conservative because the already established 17% oxidation criteria has been proven
to be overly conservative [57]. Moreover, this result assumes the outer aluminum-zirconium layer
will provide no added protection to the zircaloy, which as seen in this work has not been the case.
As noted previously, other research recommends to replace zircaloy cladding with completely
new alloys. This concept may work quickly if the proposed alloy has the same dimensions. How-
ever, some materials proposed (FeCrAl) are not as transparent to neutrons and must be thinner to
limit the neutron penalty. This work proposes to use the previously described precision machining
techniques, (seen in Chapter 9.3) to form the aluminum-modified cladding to the current clad di-
mensions. This modification would not require any additional changes to the reactor, and would
reduce downtime during the first refueling using the modified clad.
There are also other considerations needed to decrease the costs associated with modifying the
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zircaloy. The casting and heat treatment atmosphere can be adjusted to a cheaper gas alternative,
or a filtration process can be implemented to reduce the oxygen content. Water and oxygen filters
can increase the nitrogen concentration in the atmosphere and may be cheaper than utilizing a high
vacuum or ultra-high purity argon atmosphere. The heat treatment temperature is not recommended
to be altered. However, the hold time of 2 hours practiced there may be overly conservative. As
long as 5–10 µm of aluminum-zirconium diffusion layer forms, the hold time can be optimized
only to form enough of a diffusion layer.
A few scaling hurdles will be encountered, but with careful planning, risks can be mitigated.
For example, a crucible will have to be designed and mass produced for full scale development.
This crucible will have a high initial cost; however, once commercialized, mass production will
reduce the expense of this process. This crucible is also not required to have tight dimensions and
tolerances and this allowance will keep design and production costs low. Additionally, machining
tools, including lathes, will either have to be retrofitted or newly developed to handle the unique
dimensions of the fuel rod. The newly designed tool will have to handle twelve-foot fuel rods and
ensure the support of the fuel rods during the machining process.
9.5 Conclusions
In this chapter, recommendations have been advanced based on the results obtained from this re-
search and related literature surveys. From the conclusions drawn, industry officials can make
preliminary engineering assessments for the best path forward for ATFC implementation in the
current generation of nuclear reactors. These preliminary conclusions and the guidelines presented
in this study can be a significant asset for commercial power companies. By using these results,
they can avoid starting in-house research projects from scratch. Also, optimal coating material and
methods have been presented in this work to provide industry and academic institutions a building
block when decision-makers are considering materials for the next generation of fission based re-
actors, such as SMR’s (discussed in the Introduction Chapter). Finally, considerations have been
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detailed for potential cost-reduction measures when scaling up for the optimal coating process.
At this time, commercial nuclear reactors utilize zirconium based alloys as the cladding material.
As concerns about accident scenarios rise, increased knowledge about reactor operation safety be-
come more valued. Consequently, modified zirconium fuel cladding may be very beneficial to
reduce these accident concerns, and at a lower cost and a quicker turn around time than any of the
known alternatives.
The results of this chapter have pointed out that no material or method can hastily be developed
and implemented into reactors without careful planning, testing, and consideration. However, the
materials, processes, and scaling parameters tested and considered by this author provide several
novel developments to assist in understanding that the hurdles the industry must overcome for
developing ATFC and scaling for full implementation in nuclear reactors. The recommendations of
this chapter explain the most practical scaling method, material, and coating process. The primary
conclusions are summarized below:
1. Aluminum is the most suitable material for modifying zirconium fuel cladding.
2. Casting zircaloy in aluminum is the recommended method for industrial scaling.
3. Precision milling a 5–10 µm aluminum-zirconium diffusion layer on the surface ensures
seamless transition for implementation in reactors.
4. Machining removes surface defects and ensures desired layer thickness.
5. Reducing the NRC’s 17% oxidation criteria to 15% with the modified zircaloy may provide
quick transition to using the new aluminum modified zircaloy cladding.
Industry officials can use the results of this chapter along with their best engineering practice to
develop ATFC for quick implementation in the current generation of nuclear reactors. The novel
conclusions from this chapter can also help the industry to determine which material, coating pro-
cess, and mass production technique is the most suitable for developing the next ATFC.
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Chapter 10
Conclusions
Outside of this dissertation work, no other significant scientific literature exists which discusses
the scalability of surface modified zircaloy for use in the current generation of nuclear reactors,
which considers economics, time to regulation, and increased corrosion tolerance. This disser-
tation work studied the performance of surface modified zircaloy across a wide range of reactor
conditions, while also considering possible accident scenarios that can potentially breach the re-
actor containment, thus leaking toxic radioactive materials into the atmosphere. This dissertation
research exhibits the following unique methods:
• Analysis of the modified zircaloy surface using different surfaces reacting with water (Chap-
ter 4)
• Visualization of the amount of hydrogen generated based on the predicted outer modified
surface of modified zircaloy (Chapter 4)
• Demonstration of coating aluminum, chromium, and silicon onto reactor grade zircaloy (Chap-
ter 5)
• Confirmation of various coating techniques on zirconium alloys (Chapter 5)
• Analysis of coating pure elements (Al, Si, Cr) onto zircaloy (Chapter 6)
• Visualization of uniquemicrostructures for each coating technique and coating element (Chap-
ter 6)
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• Analyses of surfaces after various coating techniques compared with unmodified surfaces
(Chapter 6)
• Comparison of nanoindentation performance using select coating methods (Chapter 7)
• Description of the adhesion properties of modified zircaloy surfaces (Chapter 7)
• Experimentation and analysis of high temperature steam corrosion (Chapter 8)
• Testing normal reactor environments over extended periods (Chapter 8)
• Testing the thermal-shock of modified zircaloy before and after extended normal reactor
conditions (Chapter 8)
• Testing simulated stress corrosion cracking of surface modified zircaloy with use of iodine
vapor (Chapter 8)
• Comparing normal reactor conditions with high concentrations of boron environmental test-
ing (Chapter 8)
• Comparing the attempted coating methods with various elements, with respect to scalability
and discussions of future work for the confirmation of selected coating material and the most
appropriate processes (Chapter 9)
and novel techniques:
• Modifying computational estimations for hydrogen released from zircaloy to estimate the
hydrogen released from surface modified zircaloy (Chapter 4)
• Utilizing unique surfacemodification techniques of aluminum into zircaloy, including casting
and diffusion bonding (Chapter 5)
• Using AFM to compare changes in surface roughness on modified zirconium alloy (Chapter
6)
• Quantitatively comparing the surface adhesion of modified zircaloy using an adhesion tape
test (Chapter 7)
• Developing unique corrosion atmospheres to comprehensively understand the performance
of surface modified zircaloy in reactor conditions (Chapter 8)
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• Developing a unique coating process and material selection for implementation into the cur-
rent generation of nuclear reactors, which considers scalability, in addition to tested material
properties at various environments and needed future testing (Chapter 9)
The unique data and techniques detailed above are presented, compared, and tabulated to allow
industry decision makers to understand the distinct advantages and pitfalls of various coating ma-
terials and coating techniques when investing in ATFC. This information is particularly significant
when they are considering the replacement of current zircaloy cladding. The techniques developed
in this work have been demonstrated to be effective in testing materials to replace current zircaloy
cladding and can be tweaked to allow for additional constraints, desired properties, and scaling
considerations. The data and techniques of this dissertation work also show significant innova-
tive improvements in understanding how elements interact with reactor conditions when they are
coated and processed onto zircaloy for use in nuclear power plants. These results are practical be-
cause they would allow nuclear power to continue to provide clean energy for a growing demand,
at reasonable costs, in the United States, and in other countries where clean energy sources will be
increasingly needed.
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Appendix A
Data and collecting procedures
A.1 Mass
Mass measurements were completed using a Sartorius brand AC2115 model balance. When mea-
suring the mass of a coupon, it was first leveled using the built-in level. The balance was then
zeroed, and the output was monitored to ensure no outside noise. The sample is now ready to be
placed on the balance and after the measured mass does not change, it is recorded. The sample
is then removed from the balance, and it is observed going to zero to ensure no outside noise al-
tered the measured value. The above process is repeated until multiple readings agree for the same
sample. The error, on the balance, is 0.0001 grams.
Table A.1: Calculation of thickness of aluminum coatings
Sample Initial (g) Final (g) Surface Area (mm2) Coating Thickness (nm)
1 8.7753 8.7792 821.1 2571
2 8.1481 8.1537 830.7 2497
3 8.1916 8.1974 817.5 2628
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Table A.2: Calculation of thickness of silicon coatings
Sample Initial (g) Final (g) Surface Area (mm2) Coating Thickness (nm)
1 9.5964 9.5980 826.7 831.0
2 9.5071 9.5085 819.4 733.6
3 9.2805 9.2819 807.6 744.3
Table A.3: Calculation of thickness of chromium coatings
Sample Initial (g) Final (g) Surface Area (mm2) Coating Thickness (nm)
1 8.4408 8.4509 822.2 1708
2 7.8336 7.8435 832.3 1654
3 7.7116 7.7213 818.8 1648
A.2 Coating thickness
To calculate the thickness of coatings, certain properties must be known, such as the mass before
and after coating, the coating surface area, and the coating material density. The surface area
is measured using calipers with an error of 0.01 mm. The mass is measured from Section A.1.
The density of the material is provided by the manufacturer. The thickness is then calculated by
following the Equation A.1, where t is the coating thickness,m is the mass, and SA is the surface
area. An error in coating thicknessmay occur if the sides of the coupon are coated and not accounted
for in the surface area.
t =
m
ρ× SA (A.1)
A.3 AFM
The AFM is used to image the coatings and calculate the surface roughness. The parameters used
in AFM include an image size of 50 square µm, with the time per line of 1 sec, 256 points per line.
The AFM tip was purchased from Aspire, with the part number, CT170R-10. A spring constant of
50 N/m, resonant frequency of 170kHz, length of 225 µm, width of 42 µm, thickness of 6.5 µm,
and a reflex coating of aluminum for the cantilever was utilized. The tip generally has a conical
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shape of height 15 µm, and a radius of curvature of 8 nm. A frequency sweep is preformed before
each imaging.
The roughness of the samples is calculated using the total image area (50x50 µm). Built in
calculators provide the values using the image data. The line averaged image is always used for
the roughness calculation.
Sa =
1
MN
M−1∑
k=0
N−1∑
l=0
(|z(xk, yl)|) (A.2)
Sm =
1
MN
M−1∑
k=0
N−1∑
l=0
z(xk, yl) (A.3)
Sq =
√√√√ 1
MN
M−1∑
k=0
N−1∑
l=0
(z(xk, yl))2 (A.4)
Sy = Sp − Sv (A.5)
Where Sp is the peak height, and Sv is the valley depth
A.4 Heat treatment
The procedures for heat treatment using a high temperature vacuum furnace include the programing
of the desired temperature pattern and the preparation of the furnace. The preparation of the furnace
includes the following steps:
• Load the samples
• Pull a vacuum greater than 50 mTorr and purge the system 3 times with UHP argon
• Open the high vacuum valve to have the cryopump pull to the desired high vacuum
• Start the heat treatment program
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The heat treatment program has unique individual segments of desired temperatures and the
amount of time to reach them. For all heat treatment preformed for this work, only three segments
were used. The first segment determines the ramp rate. For example, to set a 10 deg/min rate to
reach 600◦C, the program duration needs to be 60 minutes. The second segment is the hold time
and temperature; the temperature will be frequently noted when referring to this heat treatment
step. The third segment is the cooling portion; however, this temperature is only a minimum ramp
for cooling because of the design of the system.
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A.5 Experiment pictures
Figure A.1: Zirconium-aluminum diffusion bonding at 640◦C for 6 hours, bottom strip is zircaloy,
main top portion is aluminum-zirconium diffusion zone.
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Figure A.2: Zirconium-aluminum diffusion bonding at 600◦C for 6 hours
Figure A.3: Zirconium-aluminum diffusion bonding at 550◦C for 6 hours
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Figure A.4: Zirconium-aluminum diffusion bonding at 500◦C for 6 hours
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Figure A.5: Optical surface comparison after steam corrosion, Top: aluminum coated, Bottom:
zircaloy
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Figure A.6: SEM and EDS surface after steam corrosion on Cr doped Zr
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Figure A.7: Optical cross section microstructure of chromium coated zircaloy at 100x
Figure A.8: Optical cross section microstructure of aluminum coated zircaloy at 100x
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Figure A.9: Top: before Cr coating, Middle: after Cr coating, Bottom: after HT
152
Figure A.10: Top: before Al coating, Middle: after Al coating, Bottom: after HT
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Figure A.11: Computer designed steam corrosion apparatus
Figure A.12: Steam corrosion surface comparison of zircaloy
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